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Final Report 
 
Project Background 
 
Australian cotton is purchased for a premium as it meets spinner’s requirements on the basis 
of quality and consistency. Coarse (high micronaire) fibre, high nep counts and excessive 
short fibre content are aspects of Australian cotton that spinners would like to see improved. 
Fibre quality in the field is affected by a large number of interacting factors: variety, seasonal 
conditions, crop and harvest management.  This project continues explicit and important 
research employing a combination of both in-field and post-harvest research efforts to 
improve the quality of Australian cotton, key strategies of both the CRDC and CRC. 
Improving the understanding of the links between agronomy and textile performance will 
allow us to better refine in-field crop management recommendations to ensure cotton 
produced meets or exceeds market expectations. 
 
The previous project ‘Linking farming systems with textile performance’ successfully 
assessed the textile performance of current Australian cotton varieties providing valuable 
feedback to cotton breeders; established better understanding of the influences of crop size, 
boll load and temperature on micronaire; assessed effects of early defoliation on nep 
production; and developed a micro-spinning methodology providing a cost effective process 
to assess the effects of management and future varieties on textile performance.  
 
The knowledge generated from this and the previous project will help to provide management 
guidelines to growers that will seek to reduce neps and improve consistency of cotton from 
the field; gain improved knowledge of the effects of environmental and crop stress on 
micronaire and it components of fineness and maturity; develop guidelines that establish the 
value of in-field blending/or segregation of harvested lint based on quality attributes; and 
elucidate other key properties of Australian cotton that may exploited to maintain marketing 
advantages. 
 

 
Project Aims and Objectives 
 
This project aimed to optimise cotton fibre quality and enhance the commercial value of 
Australian cotton through research into direct influences of on-farm agronomic management 
and climate on fibre development; and post-harvest research that investigates the degree of 
these influences on textile performance in the mill. 
 
Specific objectives were to: (i) Improve the understanding of the effects of crop stress on 
micronaire and its components fineness and maturity. (ii) Reduce neps in the field through 
development of monitoring approaches to identify instances where crops have an increased 
risk of neps. (iii) Identify management practices that improve the consistency of cotton taken 
from the field.  (iv) Conduct desktop and field research to establish the value (price and 
textile value) of blending/segregation of lint quality based on quality attributes. (v) Identify 
other unique fibre quality attributes of Australian cotton to enhance its market value. (vi) 
Maintain research capability and activities into fibre quality research from the ‘field to fabric’ 
that seek to realise outcomes that meet strategic objectives of both CRDC and the CRC. 
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Table 1: Project objectives and milestones are summarised in the table below: 

Objective Milestone Performance 
Indicator 

Achieved 

Measure effects of crop 
management  on 
micronaire and its 
components  fineness and 
maturity and their impacts 
on textile performance 

Complete micro-spinning 
and fabric manufacturing 
at Geelong of cotton 
collected from field 
studies that compared 
sowing time, plant size, 
boll load variety and their 
interactions. 

Cotton processed and fabric 
manufactured. Results 
analysed and documented. 

 Results have 
analysed and 
publication is being 
prepared. 

 Undertake experiments 
that distinguish the 
relative importance of 
stress (boll load, 
temperature, water stress) 
on fibre micronaire, 
fineness and maturity. 

Complete two glasshouse 
experiments with growth 
parameters and fibre 
samples collected.   

 In lieu of 
glasshouse 
experiments two field 
experiments were 
conducted.  First year 
results have been 
compiled and 
analysed. Second 
experiment was 
undertaken in 
2011/2012 cotton 
season. 

Further understand and 
elucidate fibre properties 
that affect variation in 
yarn and fabric quality. 

Using a representative 
sub-set of samples from 
the above trials conduct 
wide scale and in-depth 
testing of fibre, yarn and 
fabric attributes in order to 
further elucidate the 
variation in yarn and 
fabric quality caused by 
fibre and spinning 
properties. 

In-depth and comprehensive 
analysis completed of fibre, 
yarn and fabric quality and 
appraisal of variation 
attributable to fibre and 
spinning properties  

 New insights on 
the use of fibre 
ribbon width and 
single fibre strength 
affecting yarn quality 
were developed. 

Develop in-field 
management practices to 
improve consistency of 
Australian cotton 

End-of-season 
management strategies to 
ensure consistent quality 
of field grown cotton 
using alternative end of 
season management 
practices (late season pix, 
defoliation and irrigation 
changes) designed and 
validated. 

Completed two field 
experiments across two 
seasons, results analysed 
and documented.  

  

 Complete AFIS, 
CottonScan and SiroMAT 
tests for neps, fineness and 
maturity as well as micro-
spinning and fabric 
manufacturing of cotton 
collected from field 
studies. 

Cotton processed and fabric 
manufactured. Results 
analysed and documented.  
Guidelines published as an 
extension article. 

  Results have been 
analysed and 
publication is being 
prepared. 

Assess the opportunities 
for in-field blending or 
segregation of lint to 
improve fibre quality 

Undertake studies that 
consider the benefits of 
segregation of lint quality 
in the field for improving 
value and overall quality 
for textile production. 
Future precision 

Provide results that can be 
used to investigate the 
relative cost/benefits for 
segregation of lint based on 
quality to improve growers 
returns and improved textile 
production 

 
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agriculture technology 
may facilitate this 
approach. 

Communicate results of 
studies to scientific 
community and industry 

Publish articles and 
participate in conference 
and/or industry 
presentations  

2 journal articles, 2 
cottongrower articles, at 
least one major industry 
presentation per year, 
participation in fibre to 
fabric course.  

 

  Update FIBREpak 
guidelines and BMP 
information with 
knowledge developed in 
this project 

BMP guidelines aligned to 
information provided in 
FIBREpak 

 

 

 

Project Methodology 

This project created new knowledge and solutions to challenges associated with Australian 
fibre quality by:  

(i) Undertaking field research that uses alternative end of season management practices to 
improve the consistency of fibre quality. Practices include the use of late season pix (growth 
regulator), changes in defoliation and last irrigation timing and plant type/variety. (ii) 
Conducting experiments to measure and quantify the effects of plant stress with management 
on micronaire and its components of fineness and maturity. Treatments will vary boll load, 
temperature and water stress. This research will have relevance to climate change effects on 
fibre quality. (iii) Initiating studies that consider benefits (both from economic and textile 
perspectives) of in-field segregation or blending of lint based on fibre quality. The 
segregation may occur in-field or at the gin. Future precision agriculture technologies as well 
as new harvesting technologies (producing small round bales) may facilitate these 
approaches. We will determine economic and textile performance thresholds for segregation 
and use this information to design a field research program to evaluate potential benefits. 
Field studies will involve planting varieties with different fibre quality in layouts that will 
allow cotton to be harvested to enable segregation or blending of the lint. From all 
experiments yield, plant mapping, and fibre quality (using HVI, AFIS, CottonScan (fineness) 
and SiroMat (maturity)) was measured. Samples taken from some experiments were also 
assessed for suitability in spinning using micro-spinning. In addition sub-sets of samples 
from the field were used to conduct wide scale and in-depth testing of fibre, yarn and fabric 
attributes in order to further elucidate the variation in yarn and fabric quality caused by 
differences in fibre and spinning properties. This may include measuring novel fibre quality 
parameters such as single fibre tensile properties. 

This project was the epitome of collaboration in joining field experiments in cotton producing 
areas with fibre quality measurement and science of spinning technology in Geelong. 
Collaboration was maintained with other research and breeding on fibre quality to ensure 
information feeds into research on optimised management strategies for future cotton systems 
on-farm and post farm gate. Specifically this project supported an experienced technical 
officer (Jane Caton) in Narrabri working with Dr Bange to conduct field experiments, as well 
as research scientist Dr Rob Long based in Geelong to undertake post harvest assessments.  

 
 
  



  5 of 46 

Project Results and Outcomes 
 

Results and outcomes from this project are summarised below under the major headings 
associated with specific project objectives.  Where research has been published the 
appropriate reference in the list of publications is given. 

 

Develop understanding of the degree of management and environmental impacts on 
micronaire 

In recent years spinners have complained about the high micronaire, short fibre and high neps 
of Australian cotton.  A series of warm dry seasons coupled with intensive management for 
high yield of high retention crops such as Bollgard II® has led to many circumstances of high 
micronaire. Analysis has indicated that management, varieties and high temperature have 
been significant components of that result (Kelly et al. 2006). The balance between boll load 
and crop canopy size can be significant, with high boll loads having lower micronaire (more 
desirable in this case), presumably from competition (Brook, Hearn and Kelly, 1992; Kelly, 
Bange and Constable, 2006).  

Micronaire is definitely a complex trait, but management can help to address the problem. A 
variety with inherently lower micronaire (preferably fine and mature) is required. Our 
research hypothesis is that to achieve mid range micronaire (3.8 - 4.5) should include: crop 
management to optimise agronomic inputs such as water and fertilizer; utilise growth 
regulators to manage vegetative growth in balance with boll setting pattern; using a variety 
with appropriate plant type for the region and climate; and sowing on the appropriate date for 

the variety and climate to avoid boll filling of early crops in hotter periods or late crops in 
cooler periods.Management packages tailored to optimise micronaire across regions and 
specific climates are required.  This part of the project aimed to develop better understanding 
to what degree fibre micronaire can be manipulated in different climates and by management. 
This information will help develop management strategies that can help meet fibre 
micronaire (fibre maturity/fineness) targets.  

Temperature Impacts on Micronaire 

A journal article describing a new approach for predicting seasonal effects on micronaire was 
published in the ‘Journal of Cotton Science’.  We have used this knowledge in the 
development of fibre quality routines in the OZCOT crop simulation model and are 
considering a dynamic web tool on the CottASSIST website.  Briefly the approach used 
existing data from sowing time experiments in Australia that spanned three decades, linear 
responses of micronaire to both daily average and minimum temperatures were developed (r2 
=0.68 for both) (Figure 1).  These responses coupled with an estimate of temperature during 
the boll filling period where the majority of bolls were undergoing fibre thickening were able 
to successfully predict the micronaire on an independent dataset (r2=0.41, see Figure 2) 
despite no account for other climate and management factors that may influence crop 
micronaire.  The ability to predict temperature effects on micronaire will be useful to assess 
reasons for seasonal and regional differences in micronaire and assess opportunities to 
modify micronaire with changes in management practices that influence the timing of boll 
development (see example Figure 3). 
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Figure 1: The response of micronaire measured in sowing time studies to (a) daily average 
temperature and (b) daily minimum temperature during boll filling.   

 

 

Figure 2: Predicted micronaire versus observed micronaire for the fibre thickening period 
using Cotton Seed Distributor’s (CSD) dataset: (a) micronaire estimated using the linear 
response of micronaire to daily average temperature un-adjusted for cultivar differences; (b) 
micronaire estimated using the same response adjusted for cultivar differences. Solid line is 
the line of best fit. Dashed line is the 1:1 line. (n = 270). 
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Figure 3: An example of the use of micronaire predictive capability detailed in this paper to 
assess the impact on sowing time for Narrabri, NSW, Australia.  The micronaire prediction 
uses the daily average temperature.  The median and percentiles are calculated from 
micronaire predictions for 120 years of temperature data. 
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Effects of Planting Time, Boll Load and Crop Canopy Size on Micronaire 

 
Micronaire is a measure of cotton fibre quality that is obtained from differences in pressure 
when air is passed through an accurately weighed plug of cotton fibres. The method measures 
specific surface area and reflects a combination of the sample’s linear density and fibre 
maturity. A reduction in linear density, wall thickness, or fibre perimeter decreases the 
micronaire reading as there are more fibres in the plug of cotton increasing air resistance. 
Low micronaire may indicate the presence of immature fibre while high micronaire may 
indicate that fibre is coarse. Both situations are problematic for spinners and fabric 
manufacturers. The optimum micronaire where cotton growers are not penalised ranges from 
3.8 to 4.5 (no units).   
 
Fibre growth and development is affected by most factors which influence plant growth. 
Since the fibre is primarily cellulose, any influence on plant photosynthesis and production of 
carbohydrate will have a similar influence on fibre growth. Fibre thickening which influences 
micronaire is affected by temperature and radiation, with large reductions in fibre thickening 
at lower temperatures or cloudy weather. Boll load and crop canopy also affect micronaire, 
with high boll loads having lower micronaire, presumably from internal competition. Little 
research has been conducted attempting to develop an integrated understanding at a canopy 
level of these impacts on micronaire. This research aimed to provide additional knowledge on 
the degree of impacts of planting time, cultivar, canopy manipulation, and fruit load on 
micronaire.    
 
Methods 
A field experiment was conducted at Narrabri NSW Australia in the 2008-2009 using 
cultivars Sicot 70BRF (average micronaire 4.2) and Sicot 71BR (average micronaire 4.7) 
grown with high input management and insect control. A split plot design with four replicates 
and 8 m long by 3 m wide (3 rows) plots were used.  Main plots were two planting times (16 
Oct. (P1) and 14 Nov. 2008 (P2)), and sub plots were a factorial combination of two 
cultivars, two fruit removal treatments (fruit removed and retained), and three canopy 
manipulations (tipped, normal, and regulated). Fruit removal was achieved by sequentially 
removing every second fruit (square, flower or boll) from every plant in 3m by 3m in the plot 
starting from the bottom of the plant.  Fruit were removed at the start of the estimated fibre 
thickening period (116 days after planting (DAP) in P1 and 104 DAP in P2) based on 
methodology of described in the previous section on temperature effects on micronaire in this 
report.  Canopy manipulation was undertaken as an attempt to generate differences in canopy 
size (leaf area index (LAI) by pinching out the terminal with curved forceps to promote extra 
vegetative growth, or using mepiquat chloride (growth regulant) to restrict vegetative growth. 
Terminal removal was conducted around the appearance of first square (56 DAP in P1 and 55 
DAP in P2), while the growth regulant was applied around the appearance of first flower (84 
DAP in P1 and 82 DAP in P2). Growth regulant was also applied after fruit removal to 
prevent additional vegetative growth. 
 
At the start of the estimated fibre thickening period LAI was measured only on the fruit 
retained treatment by taking 1m2 of plants from within the centre row, removing leaf and 
measuring leaf area using a Licor (LI-300) leaf area meter. At harvest the number of open 
bolls in 1m2 in each plot was undertaken to determine final boll number (bolls/m2) and lint 
was collected from these open bolls to calculate final boll weight (g seed cotton/boll). At 
harvest (28 May 2009) lint was collected from 1m2 and kept for yield and fibre quality 
analyses.  Fibre micronaire measurements on ginned lint samples were performed using a 
high volume instrument (HVI). Meteorological data for the experimental period were 
collected 2 km from the field site. 
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Results 
At the time of when the fibre thickening period was occurring, both average daily 
temperature and solar radiation were declining. The initiation of the fibre thickening phase 
for P2 was 22 d later than P2 (Figure 4). Average temperature for the fibre thickening phase 
was 25.4 for P1 and 23.8oC for P2, while average daily radiation was 24.8 for P1 and 22.6 
MJ/m2 for P2.  

 
Figure 4.  (a) Average daily temperature and (b) daily solar radiation conditions experienced 
during the experiment. The arrows designate the estimated initiation of the period of fibre 
thickening. (P1 – first planting, P2 –second planting).  
 
Final boll number was also affected by all treatments (Table 2). Significant interactions were 
measured for planting time, canopy manipulation, with fruit treatment and for planting time, 
fruit treatment and cultivar. No significant differences in boll numbers were found among 
canopy manipulation treatments for the fruit removal treatments, however in the fruit retained 
treatments across the canopy treatment there were some differences with the normal canopy 
in P2 with fruit retained recording the highest (mean 144 bolls). When comparing varieties 
Sicot 70BRF in P1 with fruit retained had similar low boll numbers to the fruit removal of 
both varieties in P1. The only main effect that was consistent across treatments was the fruit 
removal treatment with the fruit removal treatment (mean 90) resulting in less bolls than the 
fruit retained treatment (mean 124).  
 
LAI was only significantly affected by planting time (mean P1 2.29, mean P2 3.06 – Table 
2). Significant interactions were also measured for final boll size. An interaction for planting 
time, canopy manipulation with fruit treatments resulted in considerable combinations of 
these treatments contributing to differences in boll size.  The interaction of fruit treatment and 
cultivar resulted in Sicot 70BRF with fruit removed having the same boll size as Sicot 71BR 
with fruit retained and vice versa. 
 
Changes in planting time, cultivar, canopy manipulation, and fruit removal all affected fibre 
micronaire (Table 2). A significant interaction of planting time, fruit treatment, and canopy 
size was also measured. Treatments that produced the lowest micronaire were P2 treatments 
with a canopy that the terminal removed (tipped) with fruit retained or removed. Highest 
micronaire was measured P1 treatments in normal and regulated canopies with their fruit 
retained.  Across all treatment the only main effects that were consistent were cultivar and 
planting time. Micronaire of cultivar Sicot 70BRF (mean 4.01) was lower than Sicot 71BR 
(mean 4.35), while P2 (mean 3.94) had lower micronaire than P1 (mean 4.42).   
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Table 2.  Effect of planting time, canopy manipulation (tipped (T), normal (N) regulated (R)), 
fruit removal, and cultivar on micronaire, boll number at harvest, and final boll size.  Only 
significant main effects and highest order interactions  are shown.  LAI at flowering was only 
measured in the fruit retained treatments. 

Variable Planting 
Canopy 

Size 
Fruit Removed Fruit Retained 

Sicot 70BRF Sicot 71BR Sicot 
70BRF 

Sicot 71BR 

Micronaire 1 T 4.00 4.60 4.35 4.50 
  N 3.78 4.38 4.43 4.88 
  R 4.05 4.58 4.68 4.83 
 2 T 3.60 4.03 3.60 3.63 
  N 4.05 4.35 3.80 4.03 
  R 3.93 4.33 3.90 4.10 
LSD (0.05) Planting (P)  0.09***  
 Canopy Manipulation (C) 0.10***  
 Fruit Treatment (FT) 0.09*  
 Cultivar (V)  0.09***  
 P x C x FT  0.21*  
Boll 
Number 

1 T 104 89 124 133 

(/m2)  N 92 90 118 103 
  R 85 101 106 130 
 2 T 89 89 123 118 
  N 74 82 132 156 
  R 91 91 125 121 
 Fruit Treatment  7***  
 P x C x FT  18*  
 P x FT x V  26*  
LAI 1 T - - 2.33 2.41 
  N - - 2.52 2.11 
  R - - 2.52 1.87 
 2 T - - 3.10 3.22 
  N - - 2.85 3.18 
  R - - 2.84 3.14 
LSD (0.05) Planting  0.40***  
Boll Size 
(g/ seed 
cotton/boll) 

1 T 4.5 4.9 
 N 4.4 4.7 
 R 4.7 4.8 

 2 T 4.5 4.8 
  N 5.1 5.1 
  R 5.1 5.2 
LSD (0.05) Canopy Manipulation 0.14***  
 FT x V  0.16***  
 P x C x FT  0.28*  
* Significant at the 0.05 level;** Significant at the 0.01 level;*** Significant at the 0.001 level 
 
Discussion 
Management effects were able to generate significant differences in micronaire however, 
only planting time and cultivar effects were consistent.  Lower micronaire with the later 
planting was a result of lower temperature and radiation. Other studies have shown 
significant decline in micronaire with later plantings in Australia and this has been associated 
with lower temperatures.  Pettigrew (1995) demonstrated that lower radiation also lowered 
micronaire on boll cohorts. As expected the cultivar Sicot 70BRF was lower than Sicot 
71BR, although the difference was on average less than differences generated by planting 
time.    
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Treatments to manipulate the canopy were not successful in changing the LAI (source) at the 
start of the fibre thickening period. In most instances the only effect of canopy manipulation 
was the delay in crop maturity caused by the tipped treatment. The delay in maturity (5 d) 
associated with this treatment would have exposed more bolls to lower temperatures and 
radiation lowering micronaire similar to that reported by Brook et al. (1992). 
 
The removal of fruit in an attempt to increase the source to sink ratio did not increase 
micronaire of the remaining bolls. In fact there were more instances where treatments that 
had fruit retained had higher micronaire. The most likely reason for this is that the removal 
delayed maturity (again 5 d later) and allowed new bolls to develop later in the season and 
lowering the overall final micronaire. At harvest there was 27% less bolls than the fruit 
retained treatments, compared to 50% removal (at treatment implementation) thus indicating 
new boll development. The micronaire result differed from Brook et al. (1992) where 
continuous and ongoing removal of fruit generated increased micronaire. Kelly et al. (2006) 
who compiled cultivar performance data across sites and seasons, and Pettigrew (1995) 
assessing boll cohorts were also able to generate increased micronaire. In all these cases 
however, substantially greater reductions in bolls than those implemented in this study were 
needed to increase micronaire by a small amount.   
 
Treatments in this study were able to generate significant variation in boll number and boll 
size.  Correlation analysis showed that there was a significant (P < 0.05) positive correlation 
of boll size with micronaire (r=0.60).  Brook et al. (1992) in their study found a similar 
response and suggested that an increase in carbohydrate supply to bolls should result in 
increased micronaire. They also showed that boll size was negatively related to boll number, 
and in some instances reductions in boll number allowed increases in boll size (and 
micronaire) when crop maturity was delayed.  This suggested that there were compensatory 
mechanisms affecting these responses.  In this study there was no significant correlation of 
boll number with boll size across all data however, boll size of the later planted (P2), tipped, 
and fruit removed treatment was similar to the equivalent earlier planted (P1) treatment, and 
boll size of P2 in other canopy treatments were larger than the equivalent P1 treatments that 
were the late planted and had fruit removed.  Of these treatments the effect translated into 
lower micronaire for tipped canopies and was similar for the normal and regulated canopies. 
This suggested a similar response to that of Brook et al. (1992). 
 
Conclusion 
This study has highlighted that in capturing understanding of management impacts on 
micronaire differences in cultivars, and influences of management on the period in which 
fibre thickening occurs need to be especially considered. It also reinforced opportunities to 
account for impacts of crop sink dynamics on micronaire by coupling these effects to boll 
growth directly.  Further research is needed to generate larger differences in source/sink 
dynamics and impacts on micronaire.   
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Effects of Planting Time, Boll Load and Water Stress on Micronaire 

 
Following on from the experiments described above, a further field experiment was 
conducted at ACRI to investigate the effects of boll load, temperature and water stress on 
micronaire.  A field experiments was conducted in preference to glasshouse experiments.  
The experiment consisted of: three sowing times; water stressed and non-stressed treatments 
applied during boll filling; and fruit removed and non-fruit removed treatments similar to the 
method described above. 
 
Preliminary analysis showed that there were only main effects on yield (Table 3), with the 
water stress treatment, later sowings and 50% fruit removal significantly lowering yield.  For 
micronaire the only main effect was sowing time, with lower micronaire measured with later 
sowings.  A significant interaction was determined for the water treatment with sowing time, 
and for the fruit treatment with sowing time (Table 3).  Fruit removal only raised micronaire 
in the November sowing and not in the others.  The most interesting result however, was that 
the higher micronaire was recorded in the water stressed treatment in the Nov. and Dec. 
sowings when compared to the non-stress treatment for these same sowings. This result was 
unexpected as water stress is generally considered to lower micronaire. Final boll number 
measured at harvest did not explain the result.  It may have been expected that water stress 
could have caused fruit shedding lowering boll number thus leading to an increase in 
micronaire.  Further analysis of results (including fruit retention) is needed to understand the 
reasons for these results. In addition this experiment was repeated in the 2011/12 cotton 
season, however at the time this report was being prepared the crop was not harvested.  
 
Table 3. Summary of significant differences of experiment attempting to quantify the impacts 
of temperature (sowing time), boll load, water stress and the interactions on fibre micronaire. 
Treatment Lint Yield Final Boll No. Micronaire 
Water Treatment (Stressed/ Non 
Stressed) 

** n.s. n.s. 

Sowing Time (Early Oct./ Early 
Nov./Early Dec.)  

*** ** *** 

Fruit Treatment (50% fruit removed/ No 
fruit removed) 

*** *** n.s. 

Water Treatment x Sowing time n.s. n.s. ** 
Water Treatment x Fruit Treatment n.s. n.s. n.s. 
Sowing time x Fruit Treatment n.s. ** * 
Water Treatment x Fruit Treatment x 
Sowing time 

n.s. n.s. n.s. 

*significantly different 0.05 level, ** significantly different 0.01 level, *** significantly 
different 0.001 level. 
 

Future work will involve combining data collected from all sites and years once fibre quality 
analyses (including fibre maturity with Cottonscope and linear density/fineness with 
Cottonscan) are completed.  Results will then be published in a peer reviewed articles.  This 
knowledge will also help in the development of a fibre quality routine for the OZCOT crop 
simulation model that will predict influences of changes in management and effects of 
climate change/variability.  
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End of Season Management to Ensure Consistency of Quality 

 

Effects of End of Season Irrigation, Cutout applications of Mepiquat Chloride, and Early 
Defoliation 

Cotton fibre maturity is an important property to spinners and fabric manufactures as it 
affects fibre processing from both a physical and chemical perspective. Significant amounts 
of immature fibre: have little or no secondary wall thickening; is associated with the 
formation of neps; causes irregularities in yarn; leads to non-uniform dyeing of fabrics; and 
decreases processing efficiencies.  Our research hypothesis was that to minimise immature 
fibre without sacrificing significant yield we could employ management practices that could 
cease crop growth and reduce the incidence of immature bolls and thus immature fibre. 
Practices in this study that were evaluated that cease growth and minimise immature bolls 
included an earlier defoliation, a cutout rate of mepiquat chloride (pix), and modifying the 
timing of the last irrigation or missing it altogether.  These practices were evaluated on a 
normal growing crop and on a crop that had been manipulated to establish conditions where 
there was a larger than normal number of immature bolls.   We completed three seasons of 
experiments in which these management practices were evaluated.  All samples were 
analysed with HVI, AFIS, Cottonscan, Laserscan and SiroMAT.   

Results of yield, yield components, and fibre quality attributes showed that there was no 
treatment that led to improvements in consistency in fibre quality (Table 4).  The table below 
summarises the effects of the growth regulator and early defoliation treatment effects.  
Overall across the variable it showed that the growth regular had very little effect, while the 
early defoliation lowered the quality.  Despite significant removal of a number of fruiting 
branches (five removed) there was no evidence that this had an effect on overall quality and 
quality was not improved with management.  Missing the last irrigation also did not have any 
significant effect on any variable.  Further results of textile production are being compiled 
ready for publication. 

Table 4: Summary of results of studies investigating means to improve the consistency of 
fibre quality.  Results presented here are a result of a combined analysis of 3 years.  Means 
presented with similar letters are not significantly different. 

Treatment/variable 
Control Growth 

Regulator 
Early 

Defoliation 
Lsd 

(P = 0.05) 
Lint yield (kg ha-1) 3008a 2856b 2708c 119 
Boll number (m-2) n.s. n.s. n.s. - 
DAS 60% bolls open 171a 170a 166b 2.5 
Fibre length (mm) 31.57a 31.26 b 31.28b 0.25 
Length uniformity index  84.9a 84.2b 83.7b 0.5 
Short fibre index  7.3b 7.7ab 8.0a 0.4 
Fibre strength (cN tex-1) n.s. n.s. n.s. - 
Fibre elongation (%) 6.3b 6.2b 6.4a 0.1 
Micronaire 4.1a 4.1a 3.9b 0.1 
Fibre linear density (mtex) 189.4a 190.0a 176.6b 3.6 
Fibre linear density SD n.s. n.s. n.s. - 
Maturity ratio 0.91a 0.92 a 0.87b 0.02 
Ribbon width (µmv) 14.42a 14.44 a 14.34b 0.06 
Ribbon width SD n.s. n.s. n.s. - 
Neps (count g-1) 195.9b 209.8b 286.7a 39.9 
Trash content (count g-1) n.s. n.s. n.s. - 
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Prediction of End of Season Fibre Quality following Defoliation 

We investigated whether the quality of bolls harvested at the time of harvest aid application 
relates to final quality.  There may be an opportunity to use this information to make 
informed decision on defoliation timing to influence fibre quality. We have published this 
research in the Agronomy Journal (Bange, M.P. and Long, R.L. (2011)).  The abstract for the 
paper follows: 

‘To optimize yield and fibre quality, boll cutting is used by cotton (Gossypium hirsutum L.) 
managers to determine when crops are mature and ready for chemical harvest aid application. 
While it is accepted that the maturity of bolls is defined using seed coat colour, we found no 
investigations of this definition on overall crop fibre quality. Three field experiments were 
undertaken in different seasons that systematically varied the timing of harvest aid 
application to vary the amount of immature, mature, and open bolls to assess (i) fibre quality 
of open, mature, and immature bolls; (ii) the variation that exists within and across seasons; 
and (iii) if quality at the time of harvest aid application of immature, mature, and open bolls 
is related to final micronaire. Within seasons, quality varied by up to 1.06 to 1.53 for 
micronaire, 0.13 to 0.14 for maturity ratio, and 28.2 to 30.7 μg m−1 for linear density 
among immature, mature, and open bolls. When data were combined across all seasons 
relationships were developed that predicted micronaire at harvest using micronaire (r2 > 0.73) 
and its components together (maturity and linear density) (r2 > 0.81) of the immature bolls 
measured at harvest aid application (see Figure 5). Relationships were improved when 
percent open bolls was included as a factor in the regressions (r2 > 0.88). The ability to 
estimate harvest aid timing influences on micronaire may help avoid discounts. This concept 
requires more testing with multiple cultivars and would be enhanced with access to reliable 
and simple methods to measure quality of small field samples.’ 

 

  

Figure 5. Cotton micronaire at harvest regressed on (a) micronaire of immature bolls 
(MICIMM) and (b) linear density (LDIMM) and maturity ratio (MRIMM) of immature bolls 
measured at the time of harvest aid application. Regressions are fitted to data taken from all 
experiments combined. 
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Impact of Fibre Linear Density and Machine Picking on Neps 

We utilised fibre quality samples collected from experiments investigating the effects of 
harvest aid timing on fibre maturity and neps.  Handpicked samples prior to picking were 
compared to samples following machine picking in each of the harvest aid treatments.  As far 
as we are aware this is the first study that has investigated the combined effects of picking 
and differences in fibre linear density resulting from harvest aid timing. We have submitted a 
manuscript to the Textile Research Journal (Bange, M.P. and Long, R.L. (2012)) for 
consideration.  The abstract for the paper follows: 

‘Neps are fibre entanglements created during the mechanical processing of cotton 
(Gossypium hirsutum L.) and are often associated with immature fibres.  Even in small 
amounts neps can affect textile quality and industry reputations.  Mechanical harvesting, 
lower fibre linear density (fineness), and more immature bolls at harvest, all contribute to 
neps. However, it is not clear whether differences in fibre linear density or immature bolls at 
harvest interact with picking method to substantially affect neps.  The aim of this study was 
to compare mechanical spindle and hand picked cotton collected from four field studies with 
treatments that differed in % immature bolls and fibre linear density at harvest and to test for 
interactions.  By systematically varying the timing of harvest aids to cease crop growth, 
removing fruiting branches, or both, differences in % immature bolls and fibre linear density 
were generated. In all studies spindle picking increased neps, but there were no significant 
interactions with harvest aid or branch removal treatments (see Figure 6).  When all 
measurements of neps were combined across studies there was a significant multiple 
regression that explained the level of neps with picking method and fibre linear density 
(R2=0.66) (see Figure 7). These responses supported the individual season analyses finding 
no significant interaction of picking method with either variable. Spindle picking increased 
neps by an average of 53 (count g-1). Knowledge of picking effects will identify reasons for 
increased neps in some cotton regions and help to refine harvest management strategies.  
Further investigations will include other genotypes with different fibre quality attributes.’ 
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Figure 6.  Average impact of picking method on total neps in (a) Experiment 1, (b) 
Experiment 2, (c) Experiment 3, and (d) Experiment 4.  Machine picked cotton refers to 
spindle picked cotton. The vertical lines represent the LSD of the picking method at P = 0.05. 

 

 

Figure 7.  The relationship of fibre linear density (ld) and total neps for handpicked (closed 
symbols) and machine picked cotton (open symbols).  Regressions are fitted to the combined 
data of all four experiments. 
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Investigation of strategies for in-field blending of fibre quality 

An aspect of blending that has been considered is the potential use of cultivar mixes grown in 
the field to raise quality without effecting yield.  This has been achieved by mixing cultivar 
seed of varying amounts, or sowing different cultivars in alternative rows and then harvested 
together. Research on this issue has been undertaken in the USA and has shown at times that 
yield can be maintained and quality can be improved, but researchers emphasise that this 
approach is no substitute to raising the overall quality of cultivars sown independently 
(Bechere et al. 2008; Faircloth et al. 2003).  In these studies fibre length, length uniformity, 
strength and micronaire were all influenced.  Other issue highlighted were concerns relating 
to managing cultivars of varying crop maturity and potential yield reductions resulting from 
using a cultivar with lower yield. 
 
Current Australian research has been investigating blending from other perspectives; at the 
mill to reduce costs to the mill while maintaining a quality product; and blending cotton of 
differing fibre maturity to assess the impact on neps.  No studies have specifically been 
undertaken to quantify blending effects on quality prior to ginning. There is research needed 
to assess the economic benefits of these concepts, highlight any difficulties associated with 
processing this cotton (e.g. ginning), and assess the impacts of on textile performance  A 
series of field research and desktop studies will be undertaken to document and demonstrate 
the value of these approaches.  Two field experiments have now been conducted over two 
seasons at ACRI comparing three cultivars of differing quality and small differences in yield 
potential. Combination of seed mixtures between cultivars were: 0:100, 25:75, 50:50, 75:25, 
100:0.  Cultivars obtained from the CSIRO breeding team had inherently different 
micronaire: Cultivar A (micronaire – 4.6, length – 1.15”, strength - 31); Cultivar B 
(micronaire – 4.2, length – 1.20”, strength - 31); Cultivar C (micronaire – 4.2, length – 1.29”, 
strength - 33).   
 
There were no significant differences in yield, strength, and length uniformity in both 
seasons. The only fibre attribute that was consistently affected across both seasons was fibre 
length and fibre elongation (Table 5).   
 
Table 5: Summary of significant differences of experiments investigating the effects of 
blending varieties at sowing time. 

Variable 
Season 

2009/10 2010/2011 
Lint Yield n.s. n.s. 

Fibre Length ** ** 
Fibre Strength n.s. n.s. 

Micronaire * n.s. 
Short Fibre Index * n.s. 

Uniformity n.s. n.s. 
Fibre Elongation ** *** 

*significantly different 0.05 level, ** significantly different 0.01 level, *** significantly 
different 0.001 level. 
 
For fibre length in the first season a combination of 25%A with 75%B had a better length 
than 100% variety A but was not different to 100% variety B.  The combination of 25%A 
with 75%B, and 50%A with 50%B were better than 100%A, but were no better than 100%B.  
Both 100%B and 100%C were significantly better than 100%A.  There were no differences 
between combination of varieties B and C.   In the second season there were fewer 
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differences, with again the 25%A with 75%B a better length than 100% variety A but was not 
different to 100% variety B. The combination of 25%A with 75%C, was better than 100%A, 
and only 100%B was better than 100%A.  Again there were no differences between 
combination of varieties B and C.   
 
For fibre elongation in the first season 100%B and 100%C had lower elongation than 
100%A.  There were no other differences.  In the second season 100%B had a lower 
elongation compared to 100%A however, 100%C this time was greater than 100%A.  In 
addition 100%C, and 25%B with 75%C had better elongation than 100%B.  
 
It is intended that all results be compiled and analysed and a Cottongrower article written 
discussing the outcome and for future reference.  Outcomes will also be included in the next 
version of FIBREpak. 
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Impact of Defoliation on Yarn and Fabric 

We again utilised fibre quality samples collected from experiments investigating the effects 
of harvest aid timing on fibre maturity and neps.  Machine picked samples were ginned in 
Narrabri and sent to CSIRO CSME in Geelong to be processed in yarn and fabric.  Again as 
far as we are aware this is the first study that has attempted to quantify the effects of 
defoliation timing directly with textile performance. A manuscript detailing the results was 
published in Field Crops Research (Long, R.L. and Bange, M.P.. (2011). The abstract for the 
paper follows: 

Immature cotton fibre will negatively impact textile processing. Three field experiments were  
undertaken that applied chemical harvest aids to upland cotton (Gossypium hirsutum L.) 
crops at varying times with the intention of manipulating the maturity of bolls and fibres. The 
aim was to quantify the effects of these treatments on the textile performance of the harvested 
cotton and relate these differences to the status of the crop at the time of treatment 
application. Although earlier treatments produced less mature fibre that was lower in linear 
density, yarn and fabric strength was not affected. However less mature cotton from a cooler 
growing season produced stronger yarns (by  3 cN tex−1 ) and fabric (by  0.39 N (g m−2 )−1) 
which was partly attributed to the smaller ribbon width of this fibre affecting more fibre 
packing density and inter-fibre friction (Figure 8). Yarns made from this immature cotton 
also contained more neps. Micronaire and linear density were equally well related, and more 
strongly related than maturity ratio, to dyed fabric colour dimensions, which were greatly 
influenced by treatments. Percent immature bolls at the time of harvest aid application related 
well to changes in the degree of fabric blueness (R2 = 0.89) (Figure 9). Knowing the status of 
a crop in the final stages of production will help cotton producers and the supply chain to 
predict some of the processing performance aspects of harvested fibre. 
 
 

  
Figure 8.  Yarn strength and neps between seasons measured in this study.  There were no 
differences between defoliation treatments in any season. 
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Figure 9. The influence of the timing of defoliation on fabric colour.  Delta E values greater 
than 1 mean that colour changes are visible to the naked eye. 
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Fibre measurement and yarn strength comparisons of some Australian cotton 
genotypes 
 
In the previous project ‘Linking farming systems with textile performance’ a series of large-
scale field comparisons of current varieties and breeding lines were undertaken.  From these 
experiments cotton was collected, processed, and sent to Geelong to assess textile 
performance as well as providing samples as ‘test-beds’ for investigating novel fibre concepts 
to help differentiate Aust. fibre.  This project continued to process samples from the field 
experiments and investigated the following: 
 

 Performance of CSIRO varieties and breeding lines in producing premium yarns. 
 An assessment of alternative fibre maturity and fineness measurements 
 Single fibre strength in describing quality of Australian cotton varieties. 
 Development of yarn quality prediction models using existing and alternative fibre 

quality attributes. 
 
Results of this research are currently being prepared for publication. 
 
 
Methods 
 
Cultural details of field experiments 
Two field experiments comparing different cotton genotypes were conducted over two 
consecutive growing seasons (2006/ 2007 – Exp. 1 and 2007/ 2008 – Exp. 2) at the 
Australian Cotton Research Institute (ACRI). 
  
Both experiments employed a randomized complete block design with genotypes as 
treatments, with two replications.  Genotypes used were bred by the CSIRO, and included the 
commercially available Gossypium hirsutum L. (upland) cultivars Sicot 71BR, Sicot 70BRF 
and Sicala 350B, and the G. barbadense L. (pima) cultivar Sipima 280.  Experimental upland 
breeding lines CHQX12B, CHQX377 and CHQX90 were also assessed.  Sicot 71BR was the 
most widely grown Bollgard II®/Roundup Ready® cultivar, and has been popular because of 
its high yields; in the two seasons encompassing this work Sicot 71BR occupied about 40% 
of the area grown to cotton in Australia.  Sicot 70BRF was only grown in Exp. 2.  Sicot 
70BRF has a similar genetic background to Sicot 71BR but has the newer Roundup Ready 
Flex® gene. During the breeding of Sicot 70BRF emphasis was placed on increased fibre 
length, reduced fibre linear density and improved fibre maturity compared with Sicot 71BR.  
The other genotypes were included in this study because they also have better fibre quality 
attributes, e.g. pima has finer and stronger fibres.   
 
Experiments were sown with a disc opening Kinze commercial row-crop planter.  Seeds were 
sown at 5 cm depth, delivered at 15 seeds m-1.  Exp. 1 was sown on 17 October 2006, while 
Exp. 2 was sown on 16 October 2007.  Treatment plots were 585 m by 3 rows in Exp. 1 and 
175 m by 4 rows in Exp. 2; both had rows spaced at 1 m.  Crops were established and grown 
with full irrigation, and using non-limiting nitrogen applied as anhydrous ammonia (injected 
below and to the side of the plant line before sowing) at a rate of 180 kg ha-1 in Exp. 1 and at 
a rate of 160 kg ha-1 in Exp. 2.  Crops were checked regularly for the presence of pests, which 
were controlled as required according to standard thresholds for non-Bollgard II cotton.  
Experiments were defoliated in preparation for harvest when all treatments had > 60 % of 
bolls open (Exp.1, 5 April 2007; Exp. 2, 26 April 2008). 
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Harvest and ginning 
Experiments were machine-harvested with a John Deere spindle cotton picker.  Upland seed 
cotton was ginned on a Continental Eagle 100 saw gin with one lint cleaning passage, located 
at Cotton Seed Distributors, Wee Waa, New South Wales.  Pima cotton was ginned with a 
Continental Eagle roller gin located at Clyde Agriculture, Bourke, New South Wales.   
 
Fibre quality measurements 
HVI testing was undertaken using a Uster Technologies HVI model 1000 located at Auscott 
Limited, Sydney, New South Wales.  Length properties were upper half mean length (mm) 
which is the average length of the longer half of fibres by weight, length uniformity (%) 
which is the ratio of the mean length to the upper half mean length, and short fibre content 
(%) which is an estimate of the percentage of fibres that are shorter than 12.7 mm. Other HVI 
properties were bundle strength (g tex-1) and elongation (%), and fibre micronaire.  HVI 
results were the average of two replicate tests. 
 
Air flow based linear density [mg 1000 m-1 or millitex (mtex)] and maturity (maturity ratio) 
testing was undertaken at the ACRI using a SDL IIC - Shirley Fineness Maturity Tester 
(FMT) instrument.  Each 10 g fibre sample was cleaned using a SDL HVI Fibre Blender prior 
to testing.  Two replicate tests were made per experimental sample. 
 
Fibre samples (15 to 20 g each) were also subjected to an air driven piston coring instrument 
to make approximately 300 mg of 2 mm long fibre snippets.  Some of these snippets were 
tested for maturity ratio (birefringence maturity index) using the CSIRO polarized light 
microscopy instrument SiroMat.  Samples were also tested for gravimetrically determined 
linear density (mtex) using the CSIRO Cottonscan instrument.  Snippets were also subjected 
to fibre diameter (ribbon width) (µm) analysis using the CSIRO photometric laser diffraction 
based instrument Sirolan-Laserscan; 1000 snippets are assessed per sample replicate.  Results 
presented for polarized light maturity, gravimetric linear density, and ribbon width were the 
average of three, five and three replicates respectively. 
 
Single fibre strength (cN tex-1) and elongation (%) testing was undertaken with a Textechno 
Favimat Robot instrument (Textechno, Monchengladbach, Germany)  located at the USDA 
Southern Regional Research Laboratory in New Orleans, Louisiana.  Testing was conducted 
using a 13 mm gauge length, a pre-tension force of 0.85 cN and a cross-head speed of 13 mm 
min-1.  Reported single fibre tensile properties for each experimental unit was an average of 
no less than 300 single fibre tests.  
 
Fibre cross sectional analysis was conducted at Texas Tech University, Lubbock, Texas.  
Briefly, a combed fibre sample was embedded in a methacrylate polymer and 1 μm thick 
fibre cross sections were obtained via a microtome.  Slide mounted fibre cross sections were 
observed with a microscope and captured digital images were analyzed by custom imaging 
software to measure fibre perimeter, cross sectional area and lumen area; cell wall area is 
cross sectional area minus lumen area.  The degree of secondary wall thickening (fibre 
maturity, or theta θ) is the ratio of the cell wall area to the area of a circle having the same 
perimeter as the fibre of interest.  Approximately 500 single fibre cross sections were 
analyzed per test.  Cross sectional maturity results were the average of three replicate tests.    
 
Yarn manufacture 
Fibre was manufactured into 12 different yarn types at CSIRO Materials Science and 
Engineering, Belmont, Victoria.  For each experimental unit (bale), 50 kg of fibre was 
opened and cleaned via a Trützschler ‘blowroom’ which incorporated an Inclined Lattice 
Bale Feed and CVT3 Opener and Cleaner.  The fibre was then carded via a Trützschler DK 
903 card and then drawn via one passage of a Trützschler HSR 1000 draw frame.  The 
resulting drawn sliver was then divided into two lots.  One lot was subjected to a second draw 
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frame passage (designated ‘card’) while the second lot was combed with a Vouk CM 400/S 
combing machine and then drawn a second time (designated ‘comb’).  Drawn slivers were 
converted into twisted roving via a Zinser 660 FU roving machine.  Twisted roving was then 
spun into yarn on a Zinser 350 RM ring spinning machine.  Three different yarn weights were 
manufactured, being 12, 15 and 20 g 1000 m-1 (or tex) which correspond to the common yet 
empirical English cotton count of 49, 39 and 30 Ne yarns, respectively.  Each yarn was 
manufactured at two twist levels, a knitting twist (αe 3.7) and a weaving twist (αe 4.0).  
Thirty bobbins of yarn were produced for each experimental unit.   
 
Yarn measurements 
Yarn was tested for strength (cN tex-1) using a Zellweger Uster Uster Tensorapid 3.  Yarn 
strength is the force required to break the yarn normalized to the linear density of the yarn.  
Yarn strength results were an average taken from 10 bobbins randomly selected for 
measurement from the 30 produced.   
 
Data Analysis Yarn Prediction Modeling 
Multiple linear regression (MLR) models for yarn strength were developed using the three 
yarn manufacturing parameters card or comb (numerically designated as either 1 or 2, 
respectively), yarn count (tex) and yarn twist (turns per meter), and including various 
combinations of fiber quality attributes.  This enabled an uncomplicated yet collective and 
simultaneous assessment of the yarn performance predictive ability of fiber quality attributes 
for different yarn types.  Individual replicate data for each experiment were used for MLR 
analysis [Exp. 1 n (number of data points) = 12 (assessed at 12 different yarns n = 144), Exp. 
2 n = 14 (assessed at 12 different yarns n = 168)].  The significance of the coefficients 
determined in each model was assessed at the 5% confidence level using the calculated p-
values. 
 
For MLR model performance statistics, the standard error of the estimate (SEE) which is the 
sum of the residuals divided by the total degrees of freedom was calculated.  A lower SEE 
means that more variation is explained by the model.  
   
A standard error of prediction (SEP) was also determined in a similar manner to the SEE but 
using the equation determined for one data set to predict the other.  For example, data from 
Exp. 1 was used as a calibration set to develop the model while data from Exp. 2 was used as 
a validation set.   
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Performance of CSIRO varieties and breeding lines in producing premium yarns 
 
Yarn strength was different between genotypes, with Sicot 71BR and Sicot 70BRF having 
equally the weakest yarns while Sipima 280 spun the strongest.  CHQX377 had the strongest 
yarns of the upland genotypes (Table 5).  Combed yarns were consistently stronger than 
carded yarns for all genotypes by an average of 1.4 cN tex-1 strength units, although there 
was significant interaction between genotype for carded and combed yarns; e.g. for Exp. 1 
the difference between carded and combed yarns for Sicot 71BR was 1.8 cN tex-1 strength 
units, while the difference for CHQX377 was 1.1 strength units (Table 6).  Higher count 
yarns were consistently stronger, and there was a significant genotype by count interaction 
for Exp. 1 with 20 tex yarns for CHQX12B being stronger than 15 tex yarns relative to the 
same difference for the other genotypes.  An interaction between the level of twist and yarn 
count was also captured for both experiments, although it was an additive interaction with 
low significance; higher (weave) twist yarns were stronger than lower (knit) twist yarns on 
average by approximately 0.7 cN tex-1 strength units (Table 6).                
 
In relation to yarn strength results summarized by the Uster Statistics, Sicot 71BR and Sicot 
70BRF were classified in the 78 to 95% level for carded yarns and in the 53 to 95% range for 
combed yarns.  CHQX377 was in the 29 to 54% and 9 to 69% range for carded and combed 
yarns respectively, while Sipima 280 was in the top 5% group. 
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Table 6.  Yarn strength (cN tex-1) results for genotypes spun into either carded or combed yarns at two levels of twist and at three different counts (12, 15, 
20 tex).  Significant factorial ANOVA results are reported for both experiments.     
 
 
 

 Exp. 1 Exp. 2 

 
Genotype x 
Card Comb Genotype x Count  

Genotype x 
Card Comb     

Genotype Card Comb 12 15 20  Card Comb     

Sicot 71BR 14.6 16.4 14.7 15.6 16.1  14.6 15.9     

Sicot 70BRF       14.7 16.7     

Sicala 350B 17.6 18.9 17.5 18.2 19.0  16.6 17.5     

CHQX12B 16.0 17.6 15.9 16.6 17.8  15.9 16.9     

CHQX377 18.8 19.9 18.9 19.3 19.8  18.4 19.2     

CHQX90 16.8 18.8 17.2 17.8 18.4  17.0 17.6     

Sipima 280 25.1 27.0 25.3 26.1 26.7  25.1 26.4     

 LSD = 0.3*** LSD = 0.4*  LSD = 0.3***     

             

 Count x Twist Count x Twist 

 Knit twist Weave twist Knit twist Weave twist 

 12 15 20 12 15 20 12 15 20 12 15 20 

 17.8 18.6 19.4 18.6 19.3 19.9 17.2 17.5 18.3 17.7 18.5 18.9 

 LSD = 0.2* LSD = 0.2* 
    *  ANOVA was significant at the 0.05 level 
***  ANOVA was significant at the 0.001 level 
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An assessment of alternative fibre maturity and fineness measurements 
 
There were significant differences between genotypes for fineness and maturity related fibre 
parameters across both experiments.  For micronaire Sipima 280 was lower than the other 
genotypes while Sicot 71BR had the highest micronaire.  CHQX90 had the lowest micronaire 
of the upland genotypes in Exp. 1 but was equally the lowest with CHQX12B and Sicot 
70BRF in Exp. 2.  CHQX377 had significantly lower micronaire than Sicala 350B in Exp. 1 
but these two genotypes had similar micronaire in Exp. 2 (Table 7).   
 
For either FMT or gravimetrically determined linear density, Sicot 71BR fibre had the 
highest linear density while Sipima 280 had the lowest.  CHQX377 and CHQX90 had similar 
linear density that was lower than the other upland genotypes (Table 7).  Gravimetrically 
determined linear density values were consistently higher than FMT values by an average of 
28 mtex units, and results from these instruments were correlated (R = 0.90 and 0.81 
including and excluding Sipima 280, respectively, P < 0.001). 
 
For FMT determined fibre maturity in Exp. 1 CHQX90 and Sipima 280 were similarly less 
mature than the other genotypes, while for Exp. 2 CHQX377 and Sicala 350B had higher 
maturity, with Sipima 280, CHQX90, CHQX12B, Sicot 70BRF and Sicot 71BR having 
similar maturity (Table 3).  For polarized light determined maturity upland genotypes were 
similar while Sipima 280 was less mature (Table 7).  When micronaire and gravimetrically 
determined linear density were used to calculate maturity values, genotypes were not 
different for Exp. 1 while in Exp. 2 CHQX377 was higher in maturity with Sipima 280, 
CHQX12B, Sicot 70BRF and Sicot71BR having lower but similar maturity (Table 3).  Cross 
sectionally determined maturity (theta) results showed no differences in maturity between 
genotypes in Exp. 1, while for Exp. 2 Sipima 280, Sicala 350B, CHQX377 and Sicot 71BR 
were similar and more mature than the other genotypes (Table 8). 
 
Polarized maturity values were consistently higher than calculated maturity results by an 
average of 0.20 units, and polarized determined maturity of upland genotypes was also higher 
than either FMT or theta maturity ratio results, although Sipima 280 was lower (Tables XX, 
XX).  Relative to theta maturity ratio results FMT maturity had an average absolute 
difference of 0.05 units, polarized maturity a difference of 0.08 units and calculated maturity 
ratio was 0.14 units different (Table 7, 8). 
 
The linear relationships between cross sectional theta and either polarized or FMT maturity 
were not overly strong (i.e. between theta and polarized maturity excluding Sipima 280 R = 
0.56, P < 0.01 and between theta and FMT R = 0.45, P < 0.001; relationships were 
insignificantly low when Sipima 280 was included).  Calculated maturity ratio values were 
more strongly correlated with theta measurements (R = 0.53, P < 0.01; excluding Sipima 280 
R = 0.79, P < 0.001) (data not shown).   
 
The result that polarized light maturity was less for Sipima 280 (the pima genotype) than the 
other (upland) genotypes is significant (Table 7).  Conjecture in regards to the reliability of 
polarized microscopy determined maturity has typically centered around suggestions that the 
measurement is confounded by total wall area.  It is well known that pima cotton is inherently 
finer (distinctly smaller fibre perimeter) than upland cotton, ensuring the wall area of pima 
will be less than an upland genotype regardless of maturity, and thus appearing to have lower 
polarized determined maturity.  Indeed others have reported that polarized maturity ratio was 
more strongly linearly related to micronaire (R2 = 0.88) than to cross sectionally determined 
maturity ratio (R2 = 0.65) for the 104 reference bales.  Micronaire is practically a surrogate 
for total wall area, because it too is influenced concurrently by maturity and perimeter. 
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Laser diffraction determined ribbon width was highest for Sicot 71BR, Sicot 70BRF and 
CHQX12B, while Sipima 280 had the smallest ribbon width (Table 4).  For cross sectionally 
determined fibre perimeter CHQX12B tended to be larger, while Sipima 280 had the smallest 
perimeter.  CHQX90 and Sipima 280 had smaller total wall areas compared to the other 
genotypes (Table 8).    
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Table 7.  HVI micronaire and those attributes that are closely related to it: linear density from either FMT or via a gravimetric-imaging instrument 
(Cottonscan), and maturity ratio measured either via FMT or a polarized light birefringence microscope (Siromat).  Maturity ratio was also calculated using 
the Lord equation (maturity ratio x linear density = 3.86 x micronaire2 + 18.16 x micronaire + 13) with gravimetrically determined linear density values 
used therein.   
 
 
  

 Micronaire FMT 
linear density 

FMT 
maturity ratio 

Gravimetric 
linear density 

Polarized light 
maturity ratio 

Calculated 
maturity ratio 

  mtex  mtex   
 Exp.1  Exp. 2 Exp.1  Exp. 2 Exp.1  Exp. 2 Exp.1  Exp. 2 Exp.1  Exp. 2 Exp.1 Exp. 2 
Sicot 71BR 4.74 4.45 196 185 0.98 0.95 227 218 1.06 1.01 0.82 0.78 
Sicot 70BRF  4.12  168  0.95  207  0.98  0.74 
Sicala 350B 4.29 4.27 174 168 0.96 0.98 200 202 1.03 1.01 0.81 0.80 
CHQX12B 4.45 4.09 185 173 0.95 0.92 214 208 1.01 0.96 0.80 0.73 
CHQX377 4.07 4.25 172 156 0.94 1.01 186 185 1.00 1.00 0.81 0.86 
CHQX90 3.64 4.03 160 161 0.87 0.95 180 187 0.96 0.96 0.73 0.80 
Sipima 280 3.49 3.43 141 142 0.89 0.91 165 165 0.86 0.87 0.75 0.73 
LSD (5 %) 0.28*** 0.17*** 12*** 5*** 0.03** 0.04* 12*** 9*** 0.07** 0.07* 0.08 0.05* 

      *  ANOVA was significant at the 0.05 level 
  **  ANOVA was significant at the 0.01 level 
***  ANOVA was significant at the 0.001 level 
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Table 8.  Fibre ribbon width as determined via the laser diffraction instrument Sirolan Laserscan, and cross-sectionally determined fibre perimeter, wall 
area, and theta (θ) (maturity) which is the ratio of the cell wall area to the area of a circle having the same perimeter as the fibre of interest.  Theta was also 
converted into maturity ratio (maturity ratio = θ / 0.577). 
 
 
 
 Ribbon width Perimeter Wall area θ Maturity ratio (from θ)  

 µm µm µm2   
 Exp.1 Exp. 2 Exp.1 Exp. 2 Exp.1 Exp. 2 Exp.1 Exp. 2 Exp.1 Exp. 2 
Sicot 71BR 15.2 15.0 49.4 50.8 103.9 106.3 0.55 0.53 0.95 0.92 
Sicot 70BRF  14.7  51.4  99.8  0.49  0.85 
Sicala 350B 14.4 14.5 48.7 50.5 101.7 107.0 0.55 0.54 0.96 0.93 
CHQX12B 15.0 14.9 51.2 53.3 108.5 108.2 0.53 0.49 0.93 0.86 
CHQX377 14.0 14.0 47.8 49.2 97.7 104.6 0.55 0.55 0.95 0.96 
CHQX90 14.3 14.2 48.4 49.8 93.5 97.3 0.51 0.51 0.89 0.88 
Sipima 280 13.8 13.8 45.4 44.8 89.8 84.9 0.56 0.55 0.97 0.95 
LSD (5 %) 0.4*** 0.3*** 2.0** 2.1*** 13.4 11.1* 0.07 0.02** 0.12 0.04** 
    *  ANOVA was significant at the 0.05 level 
  **  ANOVA was significant at the 0.01 level 
***  ANOVA was significant at the 0.001 level 
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Single fibre strength in describing quality of Australian cotton varieties 
 
Differences were measured between genotypes for bundle strength and elongation, with Sicot 
71BR and Sicot 70BRF having significantly lower strength, while CHQX12B and CHQX377 
tended to be the strongest upland genotypes.  Sipima 280 had the strongest fibre which was 
approximately 40% stronger on average than upland genotypes (Table 9).  For bundle 
elongation genotypes ranged from 5 to 7% with Sicot 71BR and CHQX90 having higher 
elongation compared to the other genotypes (Table 2).  Single fibre strength results showed 
less differences across upland genotypes in Exp. 1, although CHQX377 and Sicala 350B 
were the strongest upland genotypes in Exp. 2.  Sipima 280 was significantly stronger than 
the other genotypes.  For single fibre elongation CHQX12B and Sipima 280 had lower 
elongation compared to other genotypes which were similar (Table 9).   
 
Bundle strength was on average about 8 g tex-1 units higher than single fibre strength (cN tex-

1 units were converted to g tex-1 units for comparisons; 1 cN force = 1.0197 g force).  Bundle 
elongation was on average 1.2 % units less than single fibre elongation.  Bundle and single 
fibre strength measurements were linearly related (R = 0.94, P < 0.001) although the 
relationship was not as strong when the potential leverage effects of Sipima 280 were 
removed (R = 0.68, P < 0.001) (data not shown).  Bundle and single fibre determined 
elongation were also significantly linearly related albeit not as strongly (R = 0.67, P < 0.001 
with or without Sipima 280).  In comparison to other work, Delhom et al. (2010) reported 
that HVI bundle strength was also higher than Favimat single fibre strength results (single 
fibre gauge length of 13 mm) by an average (for 8 genotypes) of 7.2 g tex-1 units and HVI 
elongation was 2.3 % units less than single fibre elongation.  
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Table 9.  HVI fibre bundle tensile properties, and Favimat Robot single fibre tensile properties. 
 
 
 
 Bundle strength Bundle elongation Single fibre strength Single fibre elongation 
 g tex-1 % cN tex-1 % 
 Exp.1 Exp. 2 Exp.1 Exp. 2 Exp.1 Exp. 2 Exp.1 Exp. 2 
Sicot 71BR 31.9 29.5 7.1 6.8 24.7 22.5 8.1 7.7 
Sicot 70BRF  28.9  7.0  21.3  7.7 
Sicala 350B 34.1 31.8 6.3 5.9 25.9 24.7 8.0 7.5 
CHQX12B 34.7 32.3 5.9 5.8 24.4 22.8 6.3 6.2 
CHQX377 35.1 32.8 6.2 6.5 25.2 25.2 7.6 8.2 
CHQX90 33.1 31.1 6.6 7.0 22.6 23.4 8.7 8.6 
Sipima 280 46.8 46.2 5.7 5.1 33.0 32.6 6.9 7.2 
LSD (5 %) 2.0*** 0.8*** 0.6* 0.8** 4.0* 2.6*** 0.6** 0.9* 
    *  ANOVA was significant at the 0.05 level 
  **  ANOVA was significant at the 0.01 level 
***  ANOVA was significant at the 0.001 level 



  32 of 46 

Development of yarn quality prediction models using existing and alternative fibre quality 
attributes 
 
Yarn strength models developed using linear density and maturity ratio variables as an 
alternative to micronaire performed better than those models using micronaire alone.  For 
example using Exp. 1 data validated against Exp. 2 models, the SEP for the standard model 
including micronaire was 1.56 compared with better SEP (standard error of prediction) values 
of 1.10, 1.17 and 1.17 for models using either FMT linear density and maturity, cottonscan 
gravimetric linear density and polarized maturity ratio, or cottonscan gravimetric linear 
density and calculated maturity ratio variables, respectively (Table 10).   
 
Models developed using cross sectionally determined fiber perimeter and maturity (theta) 
parameters in replacement for micronaire performed well and were similar to standard 
models with micronaire; e.g. for calibrations combining both experiments and using cross 
sectional parameters R2 = 0.95, SEE = 0.79, compared with the standard model including 
micronaire R2 = 0.95, SEE = 0.81(Table 10). 
 
When laser diffraction determined ribbon width was used as a replacement for micronaire, 
MLR models consistently performed better than models which used micronaire or other 
alternatives to micronaire.  For example where Exp. 2 data was validated against Exp. 1 
models (excluding Sipima 280), the ribbon width model yielded an SEP = 0.99, while other 
models had inferior SEP values greater than 1.50 (Table 11).  Similarly for the combination 
of data from both experiments, the calibration developed with ribbon width yielded the model 
with the lowest SEE (0.51) of all the models (Table 1, Fig. 10).     
 
This may be attributed to ribbon width being an attribute that relates to how fibers will best 
pack together in a yarn.  While any measure that helps to define cotton fineness, e.g. 
micronaire, linear density or cross-sectionally determined perimeter, will be useful, ribbon 
width may well simply give the best average indication of the fineness or coarseness of fibers 
regardless of how the external architecture of fibers are influenced by other components such 
as convolutions, the degree of fullness affected by fiber maturity, and fiber perimeter.  Indeed 
the relationship between ribbon width and cross sectional perimeter was expected to be 
reasonable but not perfect due to convolutions and fullness effects.  This was demonstrated 
by Adedoyin et al. (2010) who measured the ribbon width of approximately 1000 fibers from 
each of a selection of 10 of the 104 reference cotton bales  and reported a reasonable linear 
relationship between ribbon width and cross-sectionally determined perimeter (R2=0.81) 
(Fig. 11a).  For the same 10 samples (as part of a separate subset of the 104 reference cotton 
bales made available to the CSIRO in 2006), cross-sectional perimeter was slightly more 
linearly related to Sirolan Laserscan ribbon width (R2 = 0.89) (Fig. 11a), but not as strongly 
when all 104 reference cottons were analyzed (excluding 5 missing/ outlier samples n = 99) 
(R2 = 0.83) (Fig. 11b).  For the data reported herein for the two experiments, the relationship 
was not as strong (R2 = 0.53). 
 
Apart from re-confirming the concept of using laser diffraction to measure the diameter of 
fibers, Adedoyin’s work attempted to use the technology specifically for cotton.  While 
Sirolan laserscan has been available commercially since the 1990’s, other technology has also 
been available to measure the width of textile fibers such as the OFDA (BSC Electronics, 
Australia) which is based on digital image analysis technology which has now been 
incorporated into Cottonscope.  A microscope image determination of ribbon width may well 
differ to that derived via laser diffraction and which would in turn relate differently to yarn 
strength data.  Quantifying such differences would be an interesting topic of future research.  
 
Models that employed single fiber strength attributes performed better than those using 
standard HVI bundle tensile properties.  For example using Exp. 2 data validated against Exp. 
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1 models, the SEP for the model including single fiber strength and elongation was 1.04 
compared to the standard model SEP of 2.33 (Table 10).  Others reported that correlations 
between fiber strength and yarn strength were improved when single fiber tensile properties 
were used instead of stelometer or HVI bundle strength parameters.  Single fiber testing 
offers a more direct measure of inherent fiber tensile properties which will thus reflect more 
directly how fiber tensile properties will affect the tensile properties of yarn.  Single fiber 
testing avoids undesirable effects present in bundle testing such as clamping and alignment 
issues.  Furthermore the number of fibers in a bundle of a given linear density may vary due 
to differences in individual fibers (e.g. there will be more less mature fibers in a bundle), and 
this might compound the effects of other bundle testing issues.  Nonetheless bundle testing is 
still a fast, convenient and practical method of determining the tensile properties of cotton 
fiber.  Single fiber testing will be undertaken more readily for research when testing 
instrumentation like the Favimat Robot becomes more automated. 
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Table 10.  Multiple linear regression statistics for models predicting yarn strength for all genotypes, using data from both experiments used alternately as 
either the calibration or validation set, including calibration models using data from both experiments.  Standard variables included three yarn 
manufacturing parameters (a numericised designation for card or comb yarns, yarn tex and yarn twist), as well as HVI fibre quality parameters upper half 
mean length, length uniformity, short fibre content, bundle strength, bundle elongation and micronaire.  In addition to the standard variables, some models 
included alternative maturity and fineness related variables as a substitute for micronaire (†), and single fibre tensile properties as a substitute for bundle 
tensile properties (‡).  Performance statistics are the coefficient of determination (R2), standard error of the estimate (SEE), and standard error of prediction 
(SEP).   
 
 

 
Calibration 

Exp. 1 
Validation 

Exp. 2 
Calibration 

Exp. 2 
Validation 

Exp. 1 
Calibration 

combined Exps. 

 R2 SEE R2 SEP R2 SEE R2 SEP R2 SEE  

Standard variables 0.98 0.54 0.93 2.33 0.97 0.62 0.96 1.56 
 

0.95 0.81  

†FMT linear density 
and maturity ratio 

0.98 0.53 0.91 2.10 0.97 0.56 0.96 1.10 0.96 0.67  

†Gravimetric linear density 
and polarized maturity ratio 

0.98 0.52 0.95 2.15 0.98 0.54 0.97 1.17 0.96 0.70  

†Gravimetric linear density 
and calculated maturity ratio 

0.98 0.54 0.94 2.17 0.98 0.55 0.96 1.17 0.96 0.70  

†Cross sectional 
perimeter and theta 

0.98 0.49 0.92 2.42 0.98 0.48 0.85 1.60 0.95 0.79  

†Ribbon width 0.98 0.48 0.94 1.73 0.97 0.55 0.97 1.18 0.97 0.66  

‡Single fiber strength 
and elongation 

0.97 0.65 0.93 1.04 0.97 0.61 0.90 1.34 0.96 0.74  
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Table 11.  Multiple linear regression statistics for models predicting yarn strength for all genotypes excluding Sipima 280.  Data from both experiments 
was used alternately as either a calibration or validation set.  Calibration models were also developed using data from both experiments.  Variable and 
performance statistics descriptions are common to the previous table.  
 
 

 
Calibration 

Exp. 1 
Validation 

Exp. 2 
Calibration 

Exp. 2 
Validation 

Exp. 1 
Calibration 

combined Exps. 

 R2 SEE R2 SEP R2 SEE R2 SEP R2 SEE  

Standard variables 0.91 0.53 0.61 1.88 0.81 0.64 0.83 1.25 0.82 0.70  

†FMT linear density 
and maturity ratio 

0.94 0.43 0.49 1.80 0.88 0.51 0.79 0.92 0.86 0.62  

†Gravimetric linear density 
and polarized maturity ratio 

0.92 0.48 0.73 1.58 0.91 0.44 0.83 0.78 0.90 0.53  

†Gravimetric linear density 
and calculated maturity ratio 

0.91 0.52 0.67 1.80 0.89 0.50 0.84 0.78 0.88 0.58  

†Cross sectional 
perimeter and theta 

0.94 0.41 0.52 2.02 0.89 0.49 0.53 1.48 0.83 0.67  

†Ribbon width 0.94 0.43 0.71 0.99 0.90 0.47 0.88 0.69 0.90 0.51  

‡Single fiber strength 
and elongation 

0.91 0.52 0.73 0.90 0.87 0.54 0.72 1.57 0.86 0.61  
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Figure 10.  Multiple linear regression calibration models for yarn strength combining data 
from both experiments including yarn manufacturing parameters and standard HVI fiber 
quality attributes [length uniformity (uni), short fiber content (sfi), bundle strength and 
elongation] including (a, b) micronaire and using (c, d) ribbon width in substitution for 
micronaire.  Models were developed with (a, c) all genotype data and (b, d) excluding the 
potential leverage effects of pima data.  Models are those excluding variables that did not 
statistically contribute to regression performance 
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Figure 11.  Linear relationships between cross sectionally determined fiber perimeter and 
laser diffraction determined ribbon width as measured via either a laboratory prototype 
instrument (data reproduced from Adedoyin et al. (2010)) or by the Sirolan Laserscan.  Data 
were (a) 10 samples selected from the 104 reference set and (b) 99 samples from the same 
set.      
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Conclusion 
 
Linking research on crop management with textile performance can be applied to optimise 
fibre quality. This project was successful in providing new knowledge on fibre quality issues 
through: 

 Research generated in the study was used in the development of FIBREpak, the 
industry’s BMP fibre quality module, and many chapters of the cotton production 
manual. 

 Continued to raise the awareness of the effects of climate and management on fibre 
quality through the Geelong ‘Field to Fabric’ course, FIBREpak, and various other 
industry forums. 
 

 Improved understanding of the changes in crop management practices and climate 
that affect micronaire and its components of linear density and maturity. Information 
generated in this project specifically attempted to quantify the effects of management 
practices that influence boll number, temperature, and water stress on micronaire.  A 
new methodology to predict micronaire using temperature around boll filling was 
developed.  In addition the impacts of various management practices on micronaire 
were best reflected though boll size rather than boll number.  Information is still being 
compiled to further address these issues. 
 

 A potential in-field approach to estimating the influence of harvest aid timing on final 
micronaire at harvest was developed by measuring the quality of immature bolls at the 
prior to the time of harvest aid application.  The approach is limited by a simple and 
cost-effective approach to measuring fibre quality from small samples taken from the 
field. 
 

 Demonstrated in-field blending of cotton seed attempting to raise quality; no benefits 
were identified. 
 

 Research was undertaken to assess whether end of season management could be 
employed to improve the consistency of fibre quality.  In these studies no 
improvements were identified through the use of late season application of Mepiquat 
Choride, missing last irrigation, or defoliating earlier.  Analyses of post-harvest textile 
measurements are continuing to further assess these approaches. 

 
 The effects of early harvest preparation on fibre immaturity and textile performance 

was quantified and related to measurements of crop status. Results showed that the 
current industry recommendation of application of harvest aids at 60% bolls open is 
adequate to limit impact on yarn strength and dye uptake.  The use of ribbon width as 
measured by the CSIRO Laserscan was useful in explaining outcomes generated in 
this research. 
 

 For crop maturity manipulating experiments (via defoliation) percent immature bolls 
at the time of harvest aid application related well to changes in the degree of fabric 
blueness (R2=0.89).   
 

 Despite differences in fibre linear density resulting from differences in harvest aid 
timing at the time of harvest the machine spindle harvesting method however, did not 
interact with harvest aid timing to further increase neps. Multiple regression analysis 
was able to show that on average machine spindle harvesting contributed 53 neps 
(count/g) over hand-harvested cotton 
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 Multiple linear regression models for yarn strength which included yarn 
manufacturing variables card or comb, count (12, 15, 20 tex), twist (knit or weave) 
and HVI fiber quality parameters performed well.  Models performed better when 
alternatives to micronaire, such as gravimetric linear density, were used, although 
models using laser diffraction ribbon width were best.  Ribbon width is thought to 
provide information about the external architecture of fibers as inclusively influenced 
by perimeter, maturity and associated fullness effects, and fiber shape, and may thus 
best depict how fibers will pack together in a yarn and the subsequent relationship to 
yarn strength. 
 

 Although yarn strength models were good when including HVI bundle tensile 
properties, models performed better when single fiber tensile properties were used 
instead.  This was attributed to single fiber testing being free of alignment, length 
variation and variable strain at break effects, all shortfalls seen in the bundle method.   

 
Ongoing on-farm research into fibre quality will be most likely be supported through the 
ongoing project ‘Agronomic Management for Better Fibre and Textile Quality’ supported by 
CSIRO and the CRDC. This new project will continue explicit systems research combining 
in-field and post-harvest research to improve the quality and value of Aust. cotton. New 
research will include undertaking the first systems experiments investigating the value of the 
use of premium varieties with modified ‘fibre friendly’ agronomy and processing compared 
with standard practice. Large scale farming systems experiments will compare ± premium 
varieties, ± modified agronomy (including changes in irrigation, crop cessation and 
defoliation management)). Field measurements by CPI from Narrabri will include crop 
maturity, yield, and quality. Seed cotton from these experiments will be delivered to CMSE 
in Geelong to be ginned using protocols developed for premium fibre and compared to 
standard practice. Treatments include changes in moisture control (with heating), limiting lint 
cleaners, adjusting saw speed and comb ratios. Efficiencies in the ginning process will be 
measured.  Using large scale mill processing, lint will be then processed into both carded 20 
tex standard yarns and combed 12 tex (or finer) yarns which will be tested for quality 
attributes and manufactured into finished dyed fabric which will also be tested. As a result of 
these studies the economic value of various practices for improved yarn and fabric quality 
can be established. 
 
Other research will include: (1) Developing improved understanding of fibre properties 
(including the lower limit of fibre fineness) that increase neps in fibre, yarn and fabric. Finer 
fibres are sought by spinners, but efforts to reduce fineness may increase their propensity to 
nep. (2) Undertake research to develop an improved understanding of the value of late season 
bolls to final yield and quality. Techniques will be assessed to help growers determine if 
there is any value or opportunity in pursuing bolls that have not opened at the end of the 
season when harvest aid decisions are being made. Research will involve studies monitoring 
development of individual bolls complemented with a series of demonstration sites in all 
cotton regions to investigate this issue with grower involvement. (3) Evaluate methods to 
enable growers and ginners to predict quality at the end of season to assist with harvest 
preparation and gin settings through online micronaire and neps predictors, and scoping 
opportunities for in-field measures of quality.  
 
Knowledge generated will be used to update concepts detailed in FIBREpak and myBMP, 
and provide the basis of future research and incentives to undertake regional investigations 
and extension to improve fibre quality. Processing information will contribute to the 
CottonSpec initiative. Importantly the project will continue to provide  samples as ‘test-beds’ 
for investigating novel fibre concepts of single fibre strength, fibre diameter- ribbon width, 
surface friction and elongation to help differentiate Aust. fibre. 
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While the new project will maintain important research capability into fibre quality, it brings 
together two projects that are fully coordinated and integrated, that have synergy and no 
duplication. Collaboration with other research and breeding on quality ensures optimised 
management strategies for future cotton systems on-farm and post farm gate. 
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Extension and Education Activities 
 
2009/ 2010 

 M. Bange presented at the Field to Fabric course in Geelong. 
 M. Bange presented to UNE and Sydney University Students on crop physiology 

including fibre development as part of their excursion to Northern NSW. 
 M. Bange gave a lecture at Sydney University on cotton agronomy and physiology 

including fibre development and management. 
 M. Bange gave two web on Wednesday (CSD) presentations. 
 M.Bange spoke at the Gwydir Irrigators forum on climate change. 
 M.Bange presented to the UNE Cotton Course. 
 M.Bange assisted Sandra Deutscher with the development of MyBMP guidelines for 

in-field management for optimum fibre quality. 
 M.Bange assisted with providing information for a campaign targeting neps. 
 M.Bange contributed to two CRDC spotlight articles. 

 
2010/2011 

 M. Bange presented at the Field to Fabric course in Geelong. 
 M. Bange presented to UNE and Sydney University Students on crop physiology 

including fibre development as part of their excursion to Northern NSW. 
 M. Bange gave a lecture at Sydney University on cotton agronomy and physiology 

including fibre development and management. 
 M. Bange presented to the UNE Cotton Course. 
 M. Bange assisted Sandra Deutscher with the development of MyBMP guidelines for 

in-field management for optimum fibre quality. 
 M. Bange and R. Long gave a presentation at the Australian Cotton Conference. 
 M. Bange and R. Long gave a presentation at the Cotton CRC Conference. 
 M. Bange assisted with the development of the Australian Cotton Production Manual. 

 
 
2011/2012 

 M. Bange presented at the Field to Fabric course in Geelong. 
 M. Bange presented to UNE and Sydney University Students on crop physiology 

including fibre development as part of their excursion to Northern NSW. 
 M. Bange gave a lecture at Sydney University on cotton agronomy and physiology 

including fibre development and management. 
 M. Bange presented to the UNE Cotton Course. 
 M. Bange assisted Sandra Deutscher with the development of MyBMP guidelines for 

in-field management for optimum fibre quality. 
 M. Bange assisted with the development of the latest version of the Australian Cotton 

Production Manual. 
 M. Bange presented at Career Pathways in the Cotton Industry ~ Teacher Professional 

Development Event (March 2011). 
 M. Bange presented at two upper Namoi cotton field days for new growers. 
 M. Bange presented at the Macintyre Field Day on fibre quality. 
 M. Bange presented at two field days in Griffith during the cotton season. 
 M. Bange presented at three workshops on waterlogging effects at Moree and 

Mungindi. 
 M. Bange assisted with numerous CRC cottontales and CSD media (web on 

Wednesday, facts on Friday). 
 M. Bange assisted with the development of the latest version of the Australian Cotton 

Production Manual. 
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 M. Bange presented field to fabric course for Schools (September 2011). 
 M. Bange contributed to four CRDC spotlight articles (one on Pix and three on fibre 

quality) 
 Michael Bange and Robert Long presented at the CRC Science Forum in 2012. 
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FFiinnaall  RReeppoorrtt  EExxeeccuuttiivvee  SSuummmmaarryy    
 
Agronomic management to optimise textile performance 
 
Principal Researchers M.P. Bange, R.L. Long (Researchers)/J. Caton (Technical Officer) 
Supervisors G.A. Constable, S.G. Gordon 
 
Australian cotton is purchased for a premium as it meets spinner’s requirements on the basis of 
quality and consistency. Coarse (high micronaire) fibre, high nep counts and excessive short fibre 
content are aspects of Australian cotton that spinners would like to see improved. Fibre quality in the 
field is affected by a large number of interacting factors: variety, seasonal conditions, crop and 
harvest management.  This project continues explicit and important research employing a 
combination of both in-field and post-harvest research efforts to improve the quality of Australian 
cotton, key strategies of both the CRDC and CRC. Improving the understanding of the links between 
agronomy and textile performance will allow us to better refine in-field crop management 
recommendations to ensure cotton produced meets or exceeds market expectations. 

 
Specific objectives were to: (i) Improve the understanding of the effects of crop stress on micronaire 
and its components fineness and maturity. (ii) Reduce neps in the field through development of 
monitoring approaches to identify instances where crops have an increased risk of neps. (iii) Identify 
management practices that improve the consistency of cotton taken from the field.  (iv) Conduct 
research to establish the value (price and textile value) of blending/segregation of lint quality based on 
quality attributes. (v) Identify other unique fibre quality attributes of Australian cotton to enhance its 
market value. (vi) Maintain research capability and activities into fibre quality research from the ‘field 
to fabric’. 
 
This project was successful in providing new knowledge on fibre quality issues through: 
  Improved understanding of the changes in crop management practices and climate that affect 
micronaire and its components of linear density and maturity. 
  A new methodology to predict micronaire using temperature around boll filling was developed. 
  A potential in-field approach to estimating the influence of harvest aid timing on final micronaire 
at harvest was developed by measuring the quality of immature bolls at the prior to the time of 
harvest aid application. 
  Demonstrated in-field  blending  of  cotton  seed  attempting to  raise  quality;  no  benefits  were 
identified. 
  Research was undertaken to assess whether end of season management could be employed to 
improve the consistency of fibre quality.  In these studies no improvements were identified 
through the use of late season application of Mepiquat Choride, missing last irrigation, or defoliating 
earlier. 
  The effects of early defoliation on fibre immaturity and textile performance was quantified and 
related to measurements of crop status. Results showed that the current industry recommendation 
of application of harvest aids at 60% bolls open is adequate to limit impacts on yarn strength and 
dye uptake. 
  Despite differences in micronaire resulting from differences in defoliation timing machine spindle 
harvesting did not interact with harvest aid timing to further increase neps. On average 
machine spindle harvesting contributed 53 neps over hand-harvested cotton. 
  Multiple linear regression models for yarn strength which included yarn manufacturing variables 
card  or  comb, count (12,  15,  20  tex),  twist (knit or  weave) and  HVI  fibre quality 
parameters performed well.  Models performed better when alternatives to micronaire, such as 
gravimetric linear density, were used, although models using laser diffraction ribbon width were best.  
This information has contributed to the development of Cottonspec. 
   Continued to raise the awareness of the effects of climate and management on fibre 
quality through the Geelong ‘Field to Fabric’ course, FIBREpak, myBMP, the cotton production 
manual, and various other industry forums. 
 
Ongoing on-farm research into fibre quality will be most likely be supported through the ongoing 
project ‘Agronomic Management for Better Fibre and Textile Quality’ supported by CSIRO and the 
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CRDC. New research will include undertaking the first systems experiments investigating the value of 
the use of premium varieties with modified ‘fibre friendly’ agronomy and processing compared with 
standard practice. Other research will include: Developing improved understanding of fibre properties 
that increase neps in fibre, yarn and fabric. Finer fibres are sought by spinners, but efforts to reduce 
fineness may increase their propensity to nep; Undertaking research to develop an improved 
understanding of the value of late season bolls to final yield and quality; and (3) Evaluating methods 
to enable growers and ginners to predict quality at the end of season to assist with harvest preparation 
and gin settings through online micronaire and neps predictors, and scoping opportunities for in-field 
measures of quality.  
. 
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in Cotton by Predicting Its Influence on Fiber Quality
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Precise identification of cotton crop maturity 
is important for maintaining yields and fiber quality when 

preparing for harvest. Delayed harvest increases the chance of 
fiber weathering and harvesting more leaf trash, while prema-
turely harvesting cotton with significant amounts of immature 
bolls may lower lint yield and micronaire (a measure of fiber 
fineness and maturity), and increase neps (fiber entanglements) 
(Bednarz et al., 2002; Bange et al., 2010). Reducing fiber linear 
density or fiber maturity (i.e., reducing cell wall thickness) 
can lower micronaire. Methods employed by crop managers to 
identify when cotton crops are mature and ready for applica-
tion of harvest aids include monitoring crops to establish when 
they have reached: 60% open bolls, four nodes above cracked 
boll (NACB), and the majority of bolls can be defined as 
mature using the color of the seed coat by cutting bolls open 
(Bednarz et al., 2002; Faircloth et al., 2004a, 2004b; Kerby et 
al., 1992; Snipes and Baskin, 1994; Thibodeaux et al., 1993).

Nodes above cracked boll and 60% open bolls are reliable 
indicators of crop maturity for uniform crops and when they have 
a regular distribution of bolls (Faircloth et al., 2004a, 2004b). 
The boll cutting technique is often used in conjunction with these 
monitoring approaches, and is generally accepted as the most 

reliable methodology as it directly quantifies percent boll maturity. 
This was supported in an investigation of timing of harvest aid 
application by Bange et al. (2010). When a boll is dissected, it is 
defined as being mature when the seeds contained within the boll 
are well developed (not gelatinous) and their seed coats have turned 
dark yellow or brown (Brecke et al., 2001). It is generally recognized 
that accumulation of cellulose in fibers has ceased when coloration 
of seed coats is occurring (Leffler, 1987; Stewart, 1987).

While the development and growth of seeds and fiber in indi-
vidual bolls have been studied in detail (see reviews by Leffler, 
1987; Stewart, 1987), we are aware of no reports of fiber quality 
of bolls classified as mature or immature using the boll cutting 
technique and how this relates to overall final crop fiber quality.

Three experiments conducted in different seasons that varied 
the timing of chemical harvest aid application were used to:

1. Assess the fiber quality of mature and immature bolls as 
defined by the boll cutting technique.

2. Understand the variation in fiber quality associated with 
the boll cutting technique that exists within and across 
seasons.

3. Establish whether the fiber quality of bolls defined 
as immature, mature, or open at different times of 
assessment relates to final fiber quality.

The fiber quality attributes investigated were micronaire 
and its components fiber maturity (maturity ratio) and linear 
density (fineness). Knowledge of these effects will help to refine 
harvest management strategies to optimize quality.

ABSTRACT
To optimize yield and fiber quality, boll cutting is used by cotton (Gossypium hirsutum L.) managers to determine when crops are 
mature and ready for chemical harvest aid application. While it is accepted that the maturity of bolls is defined using seed coat color, 
we found no investigations of this definition on overall crop fiber quality. Three field experiments were undertaken in different sea-
sons that systematically varied the timing of harvest aid application to vary the amount of immature, mature, and open bolls to assess 
(i) fiber quality of open, mature, and immature bolls; (ii) the variation that exists within and across seasons; and (iii) if quality at the 
time of harvest aid application of immature, mature, and open bolls is related to final micronaire. Within seasons, quality varied by 
up to 1.06 to 1.53 for micronaire, 0.13 to 0.14 for maturity ratio, and 28.2 to 30.7 μg m−1 for linear density among immature, mature, 
and open bolls. When data were combined across all seasons relationships were developed that predicted micronaire at harvest using 
micronaire (r2 > 0.73) and its components together (maturity and linear density) (r2 > 0.81) of the immature bolls measured at harvest 
aid application. Relationships were improved when percent open bolls was included as a factor in the regressions (r2 > 0.88). The abil-
ity to estimate harvest aid timing influences on micronaire may help avoid discounts. This concept requires more testing with multiple 
cultivars and would be enhanced with access to reliable and simple methods to measure quality of small field samples.

M.P. Bange, CSIRO Plant Industry, Locked Bag 59, Narrabri, NSW 2390, 
Australia. R.L. Long, CSIRO Materials Science and Engineering, P.O. Box 
21, Belmont, VIC, 3216, Australia. Cotton Catchment Communities Co-
operative Research Center. Received 2 July 2010. *Corresponding author 
(michael.bange@csiro.au).

Abbreviations: CSIRO, Commonwealth Scientific and Industrial Research 
Organisation; DAS, days after sowing; HVI, Spinlab High Volume Instrument 
model Classing 900; LDIMM, linear density (μg m−1) of immature bolls; 
MICIMM, micronaire of the immature bolls; MRIMM, maturity ratio of the 
immature bolls; NACB, nodes above cracked boll.
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MATERIALS AND METHODS
Cultural Details and Treatments

Three harvest aid timing field experiments as reported in Bange 
et al. (2010) were conducted at the Australian Cotton Research 
Institute at Narrabri (30° S, 150° E). This is a semiarid environment 
with a uniform gray cracking clay soil (USDA Soil Taxonomy: 
Typic Haplustert) in northwestern New South Wales, Australia. 
Experiments 1 and 2 consisted of seven harvest aid application 
dates with a control which allowed all bolls to fully mature, while 
Exp. 3 had five applications and a control that was treated 185 
days after sowing (DAS) (Tables 1 and 2). Each experiment used a 
randomized complete block design with four replications.

Treatment plots (8 by 10 m), contained eight rows spaced at 
1 m. In the center two rows of each plot, a mixture of leaf defoli-
ant and a boll opener was applied as a harvest aid at approxi-
mately 5-d intervals in Exp. 1 and 2, and 7-d intervals in Exp. 3. 
Initiation of harvest aid treatments in Exp. 1 was at 29% open 
bolls (143 DAS). In Exp. 2 and 3, an attempt was made to gener-
ate treatments with more immature bolls, with the first harvest 
aid treatment being applied at 1.6% open bolls (136 DAS) in 
Exp. 2, and at 0.6% open bolls (143 DAS) in Exp. 3.

Harvest aids were sprayed with a calibrated CO2 pressurized 
boom with total swath width of 3.0 m using flat fan nozzles 
(110–01) at 200 k Pa delivering 100 L ha−1 of spray solution. 
The chemical and rates were: 0.2 L ha−1 Dropp Liquid (Bayer 
CropScience, active constituent 500 g L−1 Thidiazuron); 
3 L ha−1 Prep 720 (Bayer CropScience, active constituent 
720 g L−1 Ethephon); and 2 L ha−1 D-C Tron (Caltex, active 
constituent 991ml L−1 Petroleum Oil).

Experiments were sown with a commercial row crop planter 
(Exp. 1–15 Oct. 2005; Exp. 2–20 Oct. 2006; Exp. 3–16 
Oct. 2007) using upland cotton. In Exp. 1 and 2 Bollgard II 
Roundup Ready (Monsanto) cultivar Sicot 71BR (CSIRO, 
Australia) was used while Exp. 3 used nontransgenic cultivar 
Sicot 71 (CSIRO, Australia; Reid, 2003), the recurrent parent 

of cultivar Sicot 71BR. Both cultivars have normal leaf shape, 
medium to late maturity and compact growth habit. Typical 
fiber quality attributes of Sicot 71BR are 29.2 mm fiber length, 
31 cN tex−1 fiber strength, and micronaire of 4.5. Attributes 
of Sicot 71 are similar fiber length and fiber strength to Sicot 
71BR, and micronaire of 4.4 (Cotton Seed Distributors, 2008). 
Each experiment was established and grown with full irrigation 
using nonlimiting N and thorough insect control as described 
in Hearn and Fitt (1992). Nitrogen was applied as anhydrous 
ammonia (injected below and to the side of the plant line) 4 
wk before sowing at a rate of 200 kg N ha−1. The rate of N 
was determined on the basis of a N replacement program that 
accounts for N use in previous cotton crops (Rochester, 2007). 
Temperature data for the experimental period were measured 
2 km from the field site at a fully serviced weather station.

Crop Condition at Harvest Aid Application

To assess crop condition when harvest aid treatments were 
applied, several measurements were taken on the control plots on 
each day of treatment application. In a fixed area of 1 m2 in each 
control plot, a percentage of open bolls, (defined as when two 
sutures on the boll had split), was determined. On five plants taken 
from 0.5 m2 from the control plots on each day of treatment, all 
bolls (regardless of size or age) from each plant were removed to 
determine the number of open, mature, and immature bolls (bolls 
m−2). Immature bolls were distinguished from mature bolls by 
cutting bolls perpendicular to their vertical axis and assessing the 
color of the seed coats within the bolls. A seed coat that was not 
dark was classified as immature (Brecke et al., 2001). Fiber samples 
from immature, mature, and open bolls were retained at each 
harvest aid application date for fiber quality analyses.

Fiber Quality Analyses

Micronaire (no units) of fiber samples was determined using 
a Spinlab High Volume Instrument (HVI) model Classing 900 

Table 1. Micronaire, maturity ratio, and linear density (fineness) for immature (I), mature (M), and open bolls (O) measured at 
various % open bolls in Exp. 1 (2005/06) following the application of chemical harvest aid treatments. Harvest aids were: 0.2 L ha–1 
Dropp Liquid; 3 L ha–1 Prep 720; and 2 L ha–1 D-C Tron.

Harvest  
aid  

treatment

 
Open  
bolls

Micronaire Maturity ratio Linear density
Boll maturity

I M O Mean I M O Mean I M O Mean
% –μg m–1–

1 29.2 3.75 4.00 4.20 3.98 0.70 0.84 0.86 0.86 c§ 181.0 196.0 206.8 146.2 a
2 41.9 3.60 4.75 4.50 4.28 0.71 0.91 0.85 0.85 c 186.7 219.7 212.5 154.9 ab
3 56.0 3.45 4.78 4.63 4.29 0.72 0.78 0.81 0.81 bc 187.5 224.5 224.0 159.2 b
4 68.4 3.35 4.88 4.48 4.24 0.61 0.66 0.64 0.64 a 188.7 218.8 208.5 154.2 ab
5 76.9 3.95 4.98 4.35 4.43 0.70 0.81 0.73 0.73 ab 205.5 221.0 214.2 160.4 b
6 85.9 3.42 4.74 4.70 4.29 0.67 0.78 0.80 0.80 bc 181.5 223.1 223.5 157.2 ab
7 93.0 3.73 4.93 4.63 4.43 0.65 0.90 0.79 0.79 bc 192.9 217.7 214.0 156.4 ab

Mean boll maturity 3.61 a 4.72 b 4.50 b 0.68 a 0.81 b 0.78 b 189.1 a 217.3 b 214.8 b
LSD‡ harvest aid ns† 0.09** 12.00*
LSD boll maturity 0.28*** 0.06*** 7.91***
LSD harvest aid × boll maturity ns ns ns
* Significant at the 0.05 level.
** Significant at the 0.01 level.
*** Significant at the 0.001 level.
† No significant difference at 0.05 level.
‡ LSD calculated at 0.05 level.
§ Harvest aid means in the same column and boll maturity means for each character followed by the same letter are not significantly different at 0.05 level according to LSD.
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(Zellweger Uster, Knoxville, TN). Some samples however, were 
too small (<8 g) to be tested by HVI. All samples were then 
blended through one passage of a SDL “Shirley Analyser Mk2”, 
and tested for fiber maturity and linear density. Fiber maturity 
ratio was determined using the CSIRO SiroMat maturity tester 
(Gordon and Phair, 2005; Long et al., 2009). Linear density 
[μg m−1 or millitex (mtex)] which is often referred to as fiber 
fineness was measured using the CSIRO Cottonscan (Naylor 
and Purmalis, 2005). Reported measurements of fiber maturity 
ratio and linear density are means of three and five subsamples, 
respectively. These instruments were chosen as they are able to 
measure fiber quality of small samples (<8 g) (Long et al., 2009). 
Fiber maturity refers to the degree of development or thickening 
of a fiber. The thicker the layers of cellulose, the more mature 
the fiber. Fiber linear density also increases with increasing fiber 
maturity, but is also dependent on fiber perimeter. Immature 
fiber has micronaire values <3.8 and maturity ratios values 
<0.85. Fiber that is too mature and coarse has micronaire values 
>4.5, and density values >220 μg m−1 (Bange et al., 2009).

Data Analysis

Generalized linear modeling (GLM) using Genstat 9 (Lawes 
Agricultural Trust, IACR, Rothamsted, UK) was used to test 
for differences in micronaire, maturity ratio, and fiber linear 
density between boll maturities and harvest aid treatments. In 
these analyses, the harvest aid treatment and boll maturity were 

treated as fixed effects, and the random factors were replicate 
and boll maturity.

For data combined across experiments, regression analyses 
were used to test relationships of seasonal measurements of 
micronaire, maturity ratio, and linear density for each boll 
maturity with micronaire, maturity ratio and linear density 
measured at harvest. Both linear and quadratic regressions were 
fit using Sigma Plot 11.0 (Systat Software, Inc.). The relative 
improvement of the quadratic response over the linear response 
was tested using F tests based on residual means squares (RMS) 
accounting for differences in the function degrees of freedom 
(Cousens, 1985). Multiple linear regression analyses using Gen-
stat 9 were also used to test the improvement in predictions of 
final fiber quality with the addition of percent open bolls as a 
factor in the regressions. Unless otherwise stated, significant 
differences were identified using LSD at P < 0.05.

RESULTS AND DISCUSSION
Changes in the timing of harvest aid application and differ-

ences in conditions across experiments created considerable vari-
ability and inconsistency in fiber quality among boll maturities 
(Tables 1 and 2). In Exp. 1, significant differences in micronaire, 
maturity ratio, and linear density were found among boll maturi-
ties, while differences between harvest aid treatments were only 
found for maturity ratio and linear density (Table 1). The imma-
ture bolls in this experiment had lower values for all quality 

Table 2. Micronaire, maturity ratio, and linear density (fineness) for immature (I), mature (M), and open bolls (O) measured at var-
ious % open bolls in Exp. 2 (2006/07) and Exp. 3 (2007/2008) following the application of chemical harvest aid treatments. Harvest 
aids were: 0.2 L ha–1 Dropp Liquid; 3 L ha–1 Prep 720; and 2 L ha–1 D-C Tron.

Harvest aid 
treatment

Open  
bolls

Micronaire Maturity ratio Linear density
Boll maturity

I M O I M O I M O
% –μg m–1–

Experiment 2
1 1.6 3.90a§ 5.53f 5.01de 0.70cd 0.76de 0.84e 198.5a 238.4fg 242.8g
2 14.2 4.38bc 5.23ef 5.08de 0.68bcd 0.70cd 0.71cde 218.3bcde 237.2efg 239.2g
3 29.9 4.15ab 5.43ef 5.10ef 0.56ab 0.76cde 0.66bcde 205.3ab 245.1g 235.2cdefg
4 45.6 4.55bc 5.23ef 5.10ef 0.64bcd 0.63bcd 0.61bc 217.0abcd 233.3cdefg 236.3defg
5 58.2 4.65cd – 5.20ef 0.63bcd 0.61bc 0.71cde 235.1cdefg 219.8bcdef 245.1g
6 73.8 – – 5.18ef 0.47a 0.69bcd 0.64bcd 244.1g 250.3g 244.2g
7 89.5 – – 5.05de – 0.72cde 0.71cde – 216.8abc 232.0cdefg
LSD harvest aid ns† 0.08** 11.3***

LSD‡ boll maturity
LSD harvest aid × boll maturity

0.14*** 0.05*** 7.44***
0.43** 0.13** 19.3***

Experiment 3
1 0.6 2.45a 4.58f – 0.38a 0.66de – 164.7ab 207.8 gh –
2 9.0 2.48a 4.35def 4.71f 0.39a 0.66de 0.67de 161.0a 200.1fgh 209.2h
3 16.4 2.93b 4.08cde 4.65f 0.55bc 0.54b 0.69e 172.5abc 190.0def 213.0h
4 25.5 2.95b 4.08cde 4.43ef 0.57bcd 0.61bcde 0.65cde 162.2ab 188.9def 193.8efg
5 36.3 3.70c 4.00cd 4.33def 0.61bcde 0.65cde 0.61bcde 179.7cde 183.5cde 194.0efg
6 53.5 3.26b 3.88c 4.33def 0.63bcde 0.61bcde 0.69e 180.1cde 176.3bcd 193.7efg
LSD harvest aid ns 0.06* ns
LSD boll maturity 0.17*** 0.04*** 5.9***
LSD harvest aid x boll maturity 0.41*** 0.10*** 14.6***
* Significant at the 0.05 level.
** Significant at the 0.01 level.
*** Significant at the 0.001 level.
† No significant difference at 0.05 level.
‡ LSD calculated at 0.05 level.
§ Harvest aid ´ boll maturity means (three columns per character) followed by the same letter are not different at 0.05 level according to LSD.
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attributes compared with mature and open bolls which were 
not significantly different from each other. While there were 
differences between harvest aid application times for maturity 
ratio and linear density, there was no consistent trend for changes 
in quality with later harvest aid timings. The mean maturity 
ratio was lowest for the 68.4% open boll treatment, but was not 
significantly different from the 76.9% open boll treatment. The 
earliest treatments (29.2 and 41.9% open bolls) had the highest 
maturity ratios, but were only significantly different from the 
68.4 and 76.9% open boll treatments. Linear density the earliest 
treatment (29.2% open bolls) was significantly lower than two 
other treatments (56.0 and 76.9% open bolls). There were no 
significant differences among treatments >29.2% open bolls.

In Exp. 2 and 3, significant interactions between boll maturi-
ties and harvest aid timings were detected (Table 2). Unlike in 
Exp. 1, this resulted in instances where fiber qualities of imma-
ture bolls were similar to quality of both mature and open bolls 
at both the same and at different times of harvest aid applica-
tion timings. There were also instances where mature and open 
bolls differed at the same time of harvest aid application which 
did not occur in Exp. 1. Using micronaire of immature bolls as 
an example, there were two exceptions where micronaire of the 
immature bolls were not less than the mature and open bolls. 
The micronaire of immature bolls in Exp. 2 at 58.2% open 
bolls was not different from the micronaire of the open bolls at 
1.6, 14.2, and 89.5% open bolls. In Exp. 3 the immature bolls 
at 36.3% open bolls had similar quality to the mature bolls 
measured at the same time and at >16.4% open bolls.

Many similar instances of this situation were also found for 
comparisons of micronaire between mature and open bolls, and 
for maturity ratio and linear density among all boll maturities. 
Overall in Exp. 2 there were six, five, and seven different groups 
of treatments with similar means of micronaire, maturity ratio, 
and linear density, respectively. While in Exp. 3 there were 
six, five, and eight groups for micronaire, maturity ratio, and 
linear density respectively (Table 2). These groups of treatments 
in both experiments indicated no consistent effect of either 
harvest aid or boll maturity on fiber quality.

Fiber quality of boll maturities at similar harvest aid timings 
also varied among experiments, and most likely reflected the 
differences in the seasonal growing conditions by all bolls in each 
maturity category. Temperature during boll-filling is known to 
affect micronaire (Hesketh and Low, 1968; Gipson and Ray, 
1970; Kelly et al., 2008) and each experiment were exposed to 
differences in their late season temperatures (February–April). 
During this period, Exp. 2 had the highest daily average tempera-
ture (24.5°C) followed by Exp. 1 (23.5°C), and the coolest was 
Exp. 3 (21.3°C). Micronaire across harvest aid treatments for all 
boll maturities was lowest in Exp. 3 and was highest in Exp. 2.

This significant variation and lack of consistent changes in 
quality with harvest aid timing and boll maturities is conceivable. 
Samples collected for quality assessment at the time of harvest aid 
application would first, differ in their number and age, and second, 
most likely have been exposed to differences in growing conditions 
during their development. These factors would influence fiber 
quality. Therefore the use of the boll cutting technique that classi-
fies bolls of similar maturity does not imply that fiber quality will 
be similar when comparisons of boll maturities are made within a 
season or between seasons. Nor does it mean that quality between 

boll maturities will be different. Overall the degree of difference 
in mean fiber quality (across harvest dates in each experiment) of 
immature, mature, and open bolls varied, ranging between 1.06 
and 1.53 for micronaire, 0.13 to 0.14 for maturity ratio, and 28.2 
to 30.7 μg m−1 for fiber linear density.

Although fiber quality varied among percentages of open 
bolls across harvest aid application times within experiments 
and among experiments for the same boll maturity, when 
fiber quality of these bolls was combined across experiments 
significant regressions predicted micronaire measured at 
harvest (Table 3). There were significant linear relationships for 
micronaire at final harvest with micronaire (r2 = 0.73) (Fig. 1a) 
and linear density (r2 = 0.69) of immature bolls. For the 
mature and open bolls, the responses were still significant but 
substantially poorer in predicting final micronaire (r2 ≤ 0.41). 
Quadratic responses did not significantly improve predictions 
of final micronaire, and maturity ratio alone did not predict 
final micronaire with any boll maturity.

However, when the components of micronaire (linear den-
sity and maturity ratio) of the immature bolls were included 
together in a multiple linear regression, they improved the fit of 
the response (r2 = 0.81) (Fig. 1b). The addition of the interac-
tion term (linear density × maturity ratio) in the multiple 
regression did not improve the fit.

Similar to micronaire of the immature bolls, fiber linear 
density of the immature bolls at the time of harvest aid applica-
tion was significantly related to fiber linear density (quadratic 
response r2 = 0.63) (Table 3). For predicting final maturity 
ratio, only regressions using mature bolls were significant (qua-
dratic response r2 = 0.37) (Table 3).

Using multiple linear regression analysis, the ability to 
predict final micronaire from micronaire or linear density 

Table 3. Linear and quadratic models of final fiber quality re-
gressed on fiber quality of different boll maturities. Regressions 
are fitted to data taken from all experiments combined.

Quality  
parameter 

Boll 
maturity

 
n

r2 
Linear

r2 
Quadratic

Predicting final micronaire
Micronaire immature 18 0.73*** 0.76***
Micronaire mature 17 0.41** 0.41*
Micronaire open 19 0.33* 0.41*
Linear density immature 19 0.69*** 0.68***
Linear density mature 20 0.28* 0.35**
Linear density open 19 ns† ns
Maturity ratio immature 19 ns ns
Maturity ratio mature 20 ns ns
Maturity ratio open 19 ns ns
Linear density + maturity ratio immature 19 0.81*** –

Predicting final linear density
Linear density immature 19 0.58*** 0.63***
Linear density mature 20 0.22* ns
Linear density open 19 0.29* ns
Predicting final maturity ratio
Maturity ratio immature 19 ns ns
Maturity ratio mature 20 0.31* 0.37*
Maturity ratio open 19 ns ns
* Regression significant at the 0.05 level.
** Regression significant at the 0.01 level.
*** Regression significant at the 0.001 level.
† No significant difference at 0.05 level.
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with maturity ratio of the immature bolls was significantly 
improved when both the responses included percent open bolls 
measured at the time of each harvest aid application. The r2 
of the response using micronaire of the immature bolls with 
percent open bolls was 0.86 (Eq. [1]; Fig. 2), while the r2 of 
the response using linear density, maturity ratio and percent 
immature bolls was 0.88 (Eq. [2]). The addition of interac-
tion terms (micronaire × percent open bolls; linear density × 
maturity ratio × percent open bolls) in each regression did not 
improve the predictions. Perhaps the inclusion of percent open 
bolls improved predictions because it accounted for the propor-
tions of both mature and immature bolls. The proportion of 
open bolls to total bolls present on a crop is linearly related to 
percent open bolls (r2 = 0.83; Bange et al., 2010).

( )
( )

IMMFinal micronaire 0.786 MIC

0.009 Percent open bolls 0.948 

= × +

× +

(r2 = 0.86, p < 0.001) 	 [1]

( ) ( )
( )

IMM IMMFinal micronaire 0.019 LD 1.767 MR

0.007 Percent open bolls 0.930

= × + × +

× −

(r2 = 0.88, p < 0.001) 	 [2]

where final micronaire is the micronaire measured at harvest, 
MICIMM is the micronaire of the immature bolls, LDIMM is 
the linear density (μg m−1) of immature bolls, and MRIMM is 
the maturity ratio of the immature bolls.

The reason for the quality of the immature bolls better estimat-
ing final micronaire over a range of harvest aid application times 
compared with using the quality of mature and open bolls maybe 
due to the combined ability of the immature bolls to reflect quality 
in early and late developing bolls. At early harvest aid applica-
tions, immature bolls dominate and reflect final quality. With late 
harvest applications there are less immature bolls, however these 
bolls not only contribute to differences in final quality, but also 
reflect the later growing conditions of bolls that have matured or 
are close to maturity. The growth of immature bolls late in the 
season may be indicative of conditions that have persisted during 
the whole crop boll filling period as their growth will depend on 
the condition of the crop canopy affecting crop photosynthesis, as 

well as the overall demand for assimilate that varies with boll load. 
Competition among bolls for assimilates within the plant has been 
shown to affect micronaire (Brook et al., 1992; Pettigrew, 1995).

The prediction of final micronaire using multiple linear 
regressions with the micronaire of the mature or open bolls 
was significantly improved by including percent open bolls 
at the time of harvest aid application. However, these predic-
tions were still not as useful as the regression that used the 
micronaire of immature bolls alone (r2 = 0.73). The r2 values 
for the multiple regressions of mature bolls and open bolls with 
percent open bolls were 0.67 and 0.68, respectively.

Results from this study can be applied in two ways. First, 
a method to estimate the final fiber micronaire following the 
impact of application of harvest aids was demonstrated. Second 
this information could be applied to predict the consequences 
of later harvest aid applications. Using the final micronaire 
predicted at the time of initial boll cutting (with an impending 
harvest aid application), adjustments of the final micronaire 

Fig. 1. Cotton micronaire at harvest regressed on (a) micronaire of immature bolls (MICIMM) and (b) linear density (LDIMM) and 
maturity ratio (MRIMM) of immature bolls measured at the time of harvest aid application. Regressions are fitted to data taken 
from all experiments combined.

Fig. 2. Response of final micronaire of the crop taken at 
harvest with micronaire of immature bolls (MICIMM) and % 
open bolls at the time of harvest aid application. Regressions 
are fit to combined data of all three experiments. Regression 
is Eq. [2] in manuscript.
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prediction could be made using functions reported in Bange 
et al. (2010) that estimate the change in final micronaire with 
percent open bolls. While the quality of immature bolls in this 
study provided the greatest precision in predicting micronaire at 
harvest, there was some precision with the use of the fiber quality 
of open bolls. The collection of open bolls is much simpler, and 
the ease of employing this methodology may compensate for 
some loss of precision in fiber quality prediction. There also may 
be opportunities to refine this approach by targeting specific 
times of sampling of open bolls (e.g., 40% open bolls) to improve 
precision. This refined approach would require testing across 
more seasons and crops, but warrants further investigation.

End of season fiber sampling methods to estimate micronaire 
have relied on assumptions of average development of bolls with 
adjustments made for cooler or warmer seasons. The concept pre-
sented here avoids these assumptions; however, it requires further 
testing in a greater range of environments with crops that have 
differences in canopy structures and boll loads. Accounting for 
inherent cultivar differences in micronaire and its components, 
linear density and maturity ratio would also be required. This 
concept would also be enhanced by access to reliable, simple, and 
quick methodologies to measure micronaire or linear density 
with maturity ratio from small samples collected from the field 
toward the end of the boll filling period.

Knowledge of final fiber quality and the impact of harvest 
aid timing may help to improve quality. If estimates of micro-
naire are low, and climatic conditions are favorable, harvest aid 
timing could be delayed to allow further boll development and 
increase micronaire. Conversely, if micronaire is high, harvest 
aid application may occur earlier and safely avoid issues such as 
increased neps. The ability to predict the consequences of har-
vest aid timing on final micronaire suggested that harvest aid 
applications be applied at 60% open bolls in Exp. 1, applied ear-
lier in Exp. 2, and postponed as long as possible in Exp. 3. This 
is reported and discussed in more detail in Bange et al. (2010).

CONCLUSIONS
This study identified significant differences and degrees of 

difference in fiber quality when bolls were defined as mature or 
immature using the boll cutting technique employed in cotton 
production to assist with harvest aid decisions. While in each 
experiment immature bolls had consistently lower micronaire, 
maturity ratio, and linear density, there were no consistent effects 
of harvest aid timing on fiber quality for each boll maturity. 
Despite this variation, there were significant relationships using 
the fiber quality attributes of immature, mature, and open bolls 
to reliably predict final quality when harvest aids was applied the 
same day as sampling. A multiple linear regression using fiber lin-
ear density with maturity ratio was best able to predict final fiber 
micronaire. All regressions were improved when crop status (% 
open bolls) were also included in multiple linear regressions. The 
knowledge developed in this study may improve quality at harvest 
by contributing to the development of simpler, more reliable meth-
odologies for assessing the impact of harvest aid applications.
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Immature bolls will usually contain immature cotton 
fi bers, which are prone to entanglement and the forma-

tion of neps (Anthony et al., 1988; Gordon, 2007). Neps are 
small entanglements of cotton fi bers that are created during 
mechanical processing and oft en contain dead or immature 
fi bers (Hebert et al., 1988). Immature fi ber and neps even 
in small amounts are undesirable (Ethridge and Simonton, 
2004) as they decrease mill processing effi  ciency and ruin the 
appearance of fi nished yarns and fabrics. Immature fi bers and 
neps absorb less dye and refl ect light diff erently, and conse-
quently appear as under-dyed barred patterns and/or “fl ecks” 
on fi nished fabrics (Bradow et al., 1996; Goynes et al., 1997; 
Mangialardi et al., 1987). Rarely are there direct penalties for 
growers when there is high incidence of neps, their presence 
can however, aff ect overall the sources reputation when cotton 
arrives at spinning mills (Gordon et al., 2004).

Cotton crops actively growing at the end of a season that 
experience an abrupt end caused by cold temperatures may 
increase the number of immature bolls. Also, premature 

application of chemical harvest aids that force bolls to open 
and defoliate leaves aimed at preserving quality by avoiding 
possible weathering, or reducing micronaire will increase 
immature bolls at harvest. Both situations may lead to less 
mature fi bers (Bednarz et al., 2002) and increased neps once 
cotton is harvested and ginned (Th ibodeaux et al., 1993).

Many studies have also shown reductions in micronaire (an 
indirect measurement of both fi ber linear density [fi neness] and 
maturity) with premature applications of harvest aids and have 
related this to crop condition at the time of harvest aid applica-
tion such as percent open bolls and nodes above cracked boll 
(NACB) (Bednarz et al., 2002; Faircloth et al., 2004a, 2004b; 
Kerby et al., 1992; Snipes and Baskin, 1994; Th ibodeaux et al., 
1993). Th ere have been however, no studies that have attempted 
to relate crop condition at the time of harvest aid application to 
the direct level of immature fi ber in the crop and the conse-
quences of this immaturity on diff erences in neps.

Th is study uses the timing of harvest aid application to vary 
the amount of immature fi ber and levels of neps in the crop to: 
(i) ascertain the crop conditions that contribute to diff erences 
in nep levels; (ii) assess whether these outcomes are infl uenced 
by changes in the number of lint cleaning passes. In revealing 
these relationships it is anticipated that this information will 
be valuable in refi ning crop monitoring and harvest prepara-
tion strategies that aim to optimize both lint yield and fi ber 
quality (including the reduction in neps).

MATERIALS AND METHODS
Cultural Details and Treatments

Th ree harvest aid timing fi eld experiments were conducted at 
the Australian Cotton Research Institute (ACRI) at Narrabri 
(30º S, 150º E). Th is is a semiarid environment with a uniform 
gray cracking clay (USDA Soil Taxonomy: Typic Haplustert) 
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in northwestern New South Wales, Australia. Experiments 1 
and 2 consisted of seven harvest aid application dates with a 
control which allowed all bolls to fully mature, while Exp. 3 
had fi ve applications and a control that was treated 185 days 
aft er sowing (DAS) (Table 1). All experiments used a random-
ized complete block design with four replications.

Treatment plots (8 by 10 m), contained eight rows spaced at 
1 m. In the center two rows of each plot harvest aid, a mixture 
of leaf defoliant and a boll opener was applied at approximately 
5 d intervals in Exp. 1 and 2, and 7 d intervals in Exp. 3 from 
low to high percent open bolls. Initiation of harvest aid treat-
ments in Exp. 1 was targeted around 20% open bolls, while in 
Exp. 2 and 3 an attempt was made to generate treatments with 
increased immature fi ber so the fi rst harvest aid treatment was 
following the appearance of fi rst open boll. Harvest aids were 
sprayed with a calibrated CO2 pressurized boom with total 
swath width 3.0 m using fl at fan nozzles (110–01) at 200 kPa 
delivering 100 L ha–1 of spray solution. Th e chemical and rates 
were: 0.2 L ha–1 Dropp Liquid (Bayer CropScience, active 
constituent 500 g L–1 Th idiazuron); 3 L ha–1 Prep 720 (Bayer 
CropScience, active constituent 720 g L–1 Ethephon); and 2 L 
ha–1 D-C Tron (Caltex, active constituent 991ml L–1 Petro-
leum Oil).

Experiments were sown with a commercial row crop planter 
(Exp. 1–15 Oct. 2005; Exp. 2–20 Oct. 2006; Exp. 3–16 

Oct. 2007) using upland cotton. In Exp. 1 and 2 Bollgard II 
Roundup Ready (Monsanto Co., St. Louis, MO) cultivar Sicot 
71BR (CSIRO, Australia) was used while Exp. 3 used non-
transgenic Sicot 71 (CSIRO, Narrabri, Australia; Reid, 2003), 
the recurrent parent of Sicot 71BR. Both cultivars have normal 
leaf shape, medium to late maturity and compact growth 
habit. Typical fi ber quality attributes of Sicot 71BR are 29.2 
mm fi ber length, 31 cN tex–1 fi ber strength, and micronaire 
of 4.5. Attributes of Sicot 71 are similar fi ber length and fi ber 
strength to Sicot 71BR, and micronaire of 4.4 (Cotton Seed 
Distributors, 2008). All experiments were established and 
grown with full irrigation using nonlimiting N and thorough 
insect control as described in Hearn and Fitt (1992). Nitrogen 
was applied as anhydrous ammonia (injected below and to the 
side of the plant line) 4 wk before sowing at a rate of 200 kg N 
ha–1. Th e rate of N was determined on the basis of a N replace-
ment program that accounts for N use in previous cotton crops 
(Rochester, 2007). Meteorological data for the experimental 
period were measured 2 km from the fi eld site.

Measurements of Crop Condition

To establish crop condition when harvest aid treatments 
were applied, a number of measurements were taken on the 
control plots on each day of treatment application. In a fi xed 
area of 1 m–2 in each control plot, a count of open bolls 

Table 1. Crop condition at the time of each harvest aid application and impact on lint yield for each for all experiments. 

Harvest aid 
treatment DAS† Open bolls

No. immature 
bolls

Immature 
bolls

Immature lint 
mass NACB Lint yield

% m–2 %
Experiment 1

   1 143 29.2 104.7 67.5 60.8 9.1 2424
   2 147 41.9 73.9 41.0 37.1 6.9 2444
   3 152 56.0 46.8 23.4 20.1 6.1 2620
   4 157 68.4 41.0 22.2 16.8 4.5 2745
   5 161 76.9 35.6 21.1 16.5 3.7 2814
   6 166 85.9 32.3 12.5 9.0 3.1 2739
   7 171 93.0 11.8 6.1 4.5 2.9 2632
Control – 100.0 2781
LSD (0.05) – 3.89*** 37.3*** 15.85*** 13.99*** 1.5*** 213**

Experiment 2
   1 136 1.6 85.6 64.9 57.2 7.9 2228
   2 140 14.2 73.2 56.6 48.9 7.1 2576
   3 145 29.9 77.4 50.1 39.8 5.7 2623
   4 150 45.6 58.1 36.1 29.0 4.6 2844
   5 154 58.2 22.0 19.8 12.8 4.1 2711
   6 159 73.8 11.2 10.2 7.4 2.7 2692
   7 164 89.5 12.0 10.1 5.3 2.0 2828
Control – 100.0 2803
LSD (0.05) – 4.31*** 15.2*** 9.2*** 9.29*** 1.0*** 271**

Experiment 3
   1 143 0.6 151.6 88.2 72.7 10.2 1732
   2 155 9.0 122.4 81.0 70.3 8.0 1893
   3 162 16.4 93.2 72.4 65.2 7.3 2292
   4 169 25.5 105.9 72.2 62.0 6.3 2371
   5 176 36.3 62.1 40.4 27.8 4.4 2758
Control 185 53.5 28.0 20.0 15.2 2.1 2580
LSD (0.05) – 6.78*** 50.47** 16.9*** 17.86*** 2.0*** 493**

** Signifi cant at the 0.01 level.

*** Signifi cant at the 0.001 level.

† DAS = days after sowing when treatment applied; NACB = nodes above cracked boll.
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(defi ned as when two sutures on the boll had split) was taken to 
determine the percentage of open bolls. Th e lint collected from 
these samples was kept and combined to calculate yield compo-
nents (fi nal boll number and seed cotton per boll). On each day 
of treatment 0.5 m–2 of plants were harvested to determine the 
following: on all plants NACB recorded as the total number 
of main-stem nodes between the uppermost harvestable boll 
and the highest fi rst position cracked boll (Kerby et al., 1992); 
on fi ve plants the number of mature and immature bolls were 
counted to determine number of immature bolls (bolls m–2) 
and percentage immature bolls [immature bolls/(mature bolls 
+ open bolls) × 100]. Lint collected from both mature and 
immature bolls was kept to calculate the relative mass of imma-
ture cotton to the total mass of cotton [% immature lint mass 
= immature lint mass/(open boll lint mass + lint mass) × 100]. 
Immature bolls were determined by cutting bolls perpendicu-
lar to their vertical axis and assessing the color of the seed coats 
contained within the bolls. A seed coat that was not dark was 
deemed immature (Brecke et al., 2001).

To determine lint yield the fourth row of each plot was har-
vested with a spindle picker and the seed cotton weighed. Seed 
cotton from each plot was ginned to determine gin turnout 
(percent lint), which was used to calculate lint yield. Samples 

were ginned using a 20 saw gin with a precleaner located at the 
ACRI (Continental Eagle, Prattville, AL).

Lint was then subsampled and subjected to one of three 
lint cleaning treatments (0, 1, and 2 lint cleaning passes). Lint 
cleaning treatments were conducted using a purpose built 
experimental lint cleaner with a 25.4 cm saw and four grid 
bars. Th e lint cleaner saw was operated at a speed of 855 rpm 

Fig. 2. Relationships used to estimate the (a) number of immature bolls, (b) percent immature bolls, (c) percent immature lint 
mass, and (d) nodes above cracked boll (NACB) when crops were at 60% open bolls.

Fig. 1. Monthly average daily temperature for the three field 
experiments.
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with a combing ratio of 23 to the feed zone. Cotton was fed 
into the lint cleaner with a relatively light loading ratio of 100 
g m–2. Samples were taken from these treatments for fi ber 
quality analysis.

Fiber Quality Analyses

Lint samples were subjected to quality assessment using the 
Spinlab High Volume Instrument (HVI) model Classing 900 
(Zellweger Uster, Knoxville, TN). Fiber characteristics mea-
sured on the HVI were upper half mean length (mm), strength 
(cN tex–1), and micronaire. Recovered HVI material was then 
blended through one passage of a SDL “Shirley Analyser Mk2”, 
and then tested for fi ber maturity, measured as the maturity 
ratio using the CSIRO SiroMat maturity tester (Gordon and 
Phair, 2005; Long et al., 2009), and linear density [millitex 
(mtex)] which is oft en referred to as fi ber fi neness using the 
CSIRO Cottonscan (Naylor and Purmalis, 2005). Reported 
measurements of fi ber maturity ratio and linear density are an 
average of three and fi ve subsamples, respectively.

For neps analysis, ginned lint samples (from 0, 1, and 2 lint 
cleaning passes) were assessed by the Advanced Fiber Informa-
tion System (AFIS PRO) (Uster Technologies, Switzerland). 

Reported AFIS PRO neps [including fi ber and seed coat neps 
(count g–1)] measurements are an average of fi ve subsamples.

Data Analysis

All ANOVA and multiple linear regression analysis were 
conducted using the Genstat 9 statistical package (Lawes 
Agricultural Trust, IACR, Rothamsted, UK). Th e relationship 
between fi ber quality properties and between lint yield and its 
components was assessed by correlation analysis. To account 
for seasonal eff ects and for cultivar diff erences the change in 
lint yield, micronaire, maturity ratio, linear density, and nep 
count was calculated as the diff erence between each harvest 
aid treatment and the control for each experiment which was 
then related to each crop condition measurement using a two 
parameter exponential relationship. Regression analyses were 
conducted using Sigma Plot 9.0 (Systat Soft ware, Inc., San Jose, 
CA).

RESULTS AND DISCUSSION

Crop Condition at the Time of Treatment

In all experiments earlier harvest aid treatment applications 
had signifi cantly less percent open bolls but increased number 
of immature bolls, percent immature bolls, percent immature 
lint mass, and NACB (Table 1). While crops in Exp. 1 and 2 
had adequate time to fully mature (100% open bolls), Exp. 3 
experienced cooler weather (Fig. 1) and the crop was delayed, 
resulting in the last harvest aid treatment being the control 
treatment with only 53% open bolls. Consequently Exp. 3 had 
higher numbers of immature bolls (resulting in more immature 
lint), especially in the earlier harvest aid treatments.

When crop condition data from all experiments was 
combined there were signifi cant linear relationships between 
percent open bolls and all other measures of crop condition at 
the time of harvest aid application (Fig. 2). Th ese relationships 
were used to calculate crop condition using other measures. 
Th e current recommendation for application of harvest aids is 
60% open bolls (Snipes and Baskin, 1994). In this study at 60% 
open bolls the number of immature bolls were 45 boll m–2, per-
cent immature bolls was 29%, percent immature lint mass was 
24%, and NACB = 4.4. Bednarz et al. (2002) also showed a 
signifi cant relationship between percent open bolls and NACB, 
and at 60% open bolls NACB = 4. Th e percent open bolls mea-
sure is not directly analogous to percent immature bolls as the 
boll cutting technique identifi es bolls that are mature but not 
open (approximately 11% bolls at 60% open bolls).

Lint Yield and Yield Components

In all experiments lint yield was signifi cantly aff ected by 
harvest aid treatment (Table 1) with the greatest yield reduc-
tion occurring in Exp. 2 and 3 with the earlier treatments. Less 
lint yield was attributed to smaller boll sizes (seed cotton per 
boll) in all experiments and lower gin turnout in Exp. 2 and 
3 (data not presented). Across all experiments lint yield was 
positively correlated with boll size (r = 0.55, P < 0.001) and 
gin turnout (r = 0.70, P < 0.001). Th ese diff erences would have 
occurred as a result of reductions in both seed and fi ber growth 
(Leffl  er, 1987) caused by substrate limitations from leaf loss 
and premature opening of bolls. Snipes and Baskin (1994) also 

Table 2. Regression coeffi cients for responses that related 
crop condition to lint yield, micronaire, neps, fi ber maturity 
ratio and linear density. The change in variable is calculated 
as the change from the control harvest aid treatment for 
each experiment. Regressions used are a two parameter ex-
ponential function (y = a × ebx). Examples of fi tted functions 
are shown in Fig. 3. All regressions were highly signifi cant (P < 
0.001).

Variable/crop condition r2 a b
Lint yield change, kg ha–1

Percent open bolls 0.75 –773.87 –0.049
No. immature bolls 0.71 –40.64 0.021
Percent immature bolls 0.75 –17.51 0.044
Percent immature lint mass 0.75 –14.95 0.054
NACB 0.74 –18.64 0.378
Micronaire change
Percent open bolls 0.77 –0.951 –0.042
No.  immature bolls 0.66 –0.064 0.019
Percent immature bolls 0.76 –0.034 0.039
Percent immature lint mass 0.79 –0.028 0.048
NACB 0.65 –0.030 0.349
Nep count change (count g–1)†
Percent open bolls 0.80 252.05 –0.054
No. immature bolls 0.70 10.30 0.022
Percent immature bolls 0.76 3.90 0.048
Percent immature lint mass 0.76 2.50 0.063
NACB 0.73 4.28 0.411
Maturity ratio change
Percent open bolls 0.57 –0.1613 –0.05660
No. immature bolls 0.65 –0.003932 0.02662
Percent immature bolls 0.68 –0.001265 0.05748
Percent immature lint mass 0.67 –0.0009664 0.7136
NACB 0.61 –0.0010 0.5277
Linear density change (mtex)
Percent open bolls 0.70 –33.54 –0.041
No. immature bolls 0.69 –2.15 0.020
Percent immature bolls 0.79 –1.02 0.041
Percent immature lint mass 0.82 –0.72 3.317
NACB 0.57 –0.30 0.054

† Sample subjected to one cleaning pass.
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found that boll size was reduced as a result of earlier harvest aid 
treatments.

Change in lint yield was best represented with relationships 
to percent open bolls, percent immature bolls, and percent 
immature lint mass (all with r2 = 0.75) (Table 2, Fig. 3). Th e 
relationships to NACB and number of immature bolls were 
signifi cant but did not represent the data as well (r2 = 0.74 
and 0.71, respectively). Similar to results of others (Bednarz 
et al., 2002; Snipes and Baskin, 1994; Siebert and Stewart, 

2006) yield was substantially reduced when harvest aids were 
applied before 60% open boll. Lint yield was reduced by 68 kg 
ha–1 when harvest aid treatments were applied at 40% open 
bolls from 60% open bolls. Measured lint yield reductions 
resulting from harvest aid applied at 60% compared with 
40% open bolls have varied {Bednarz et al., 2002 [52–166 
kg ha–1; Faircloth et al., 2004 (0–77 kg ha–1); Snipes and 
Baskin, 1994 (30–90 kg ha−1)] }.

Fig. 3. An example of response of changes in (a) lint yield, (b) micronaire, (c) linear density,(d) maturity ratio, and (e) neps with 
crop condition (percent immature bolls) at harvest aid treatment across all experiments. The change in variable is calculated as 
the change from the control harvest aid treatment for each experiment. Regressions use a two parameter exponential function (y 
= a × ebx). Nep change is for one lint cleaning pass.
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Fiber Quality

In all experiments earlier harvest aid treatments signifi cantly 
lowered fi ber length, micronaire and fi ber maturity (Table 3) 
while the levels of fi ber neps were increased (Table 4). Fiber 
strength was unaff ected. Discounts for Australian growers can 
be applied when fi ber length and strength is <26.2 mm and 
27 cN tex–1, respectively. For cotton spinning purposes fi ber 
length across all treatments and experiments was acceptable 
(>28.6 mm), as was fi ber strength (>29 cN tex–1). For micro-
naire the late harvest aid application treatments of Exp. 2 was 
high (>5.0) and was low (<3.8) in all treatments of Exp. 3. 
Th ese values would have attracted signifi cant price discounts 
for growers, although earlier applications of harvest aids in 
Exp. 2 would have prevented price discounts.

Th e level of neps from cotton with no lint cleaning in some 
of the early harvest aid treatments either exceeded or was close 
to unacceptable levels (<250 neps g–1) (Gordon et al., 2004). 
Cotton that had been processed by lint cleaners following 
ginning had very few instances where levels did not exceed 250 
count g–1. Only treatments in Exp. 1 and 2 with late applica-
tions of harvest aid following 1 lint cleaning pass had levels 
similar or lower than 250 count g−1. If high levels of neps are 
detected, spinners incur losses during processing and the fi nal 
yarn appearance is reduced.

More neps (in cotton with no lint cleaning) and 
immature cotton was associated with earlier harvest 
aid treatments across all experiments (Table 4). Th e 
number of neps was negatively correlated with linear 
density (r = −0.83), maturity ratio (r = −0.63), and 
micronaire (r = −0.74) indicating that production of 
immature or low linear density fi ber was most likely 
the reason for increased neps (Anthony et al., 1988; 
Dever and Gannaway, 1988; Hebert et al., 1988; 
Mangialardi et al., 1987). Upland cotton fi ber with 
maturity ratios < 0.85 or a micronaire-value <3.5 are 
generally considered immature.

Regression analyses showed that a quadratic was 
best able to describe neps (with no lint cleaning) from 
fi ber linear density (r2 = 0.78; Fig. 4). Th e addition of 
fi ber maturity ratio and the interaction of fi ber matu-
rity ratio and linear density however, did not improve 
the fi t. Th is was not unexpected given the strong 
association between maturity ratio and linear density 
(r = 0.76). Micronaire also did not predict the levels of 
neps (r2 = 0.63) as well as linear density. Van der Sluijs 
and Hunter (1999) were able to predict neps with 
micronaire and length uniformity. In this study it was 
not unexpected that uniformity did not predict neps 
as there was no variability in fi ber length and unifor-
mity. It is also recognized that the two earliest treat-
ments in Exp. 3 had strong leverage on these regression 
outcomes, and thus more data collected when lint has 
linear densities <170 mtex will help to substantiate the 
shape of response of neps to linear density,

Others have shown that earlier applications of 
harvest aids leading to crop termination have also 
reduced micronaire (Kerby et al., 1992; Siebert and 
Stewart, 2006; Snipes and Baskin, 1994). Th ibodeaux 
et al. (1993) with an early application of a boll opener 

on late season bolls reduced both micronaire and fi ber maturity 
resulting in more neps.

Across seasons and with treatments, the increase in neps was 
refl ected by similar reductions in micronaire, fi ber maturity 
ratio, and fi ber linear density (Table 2, Fig. 3). Th e change in 
micronaire was best represented by the relationship to percent 
immature lint mass (r2 = 0.79), while NACB was the poor-
est (r2 = 0.65). Fiber maturity changes were best represented 
by percent immature bolls (r2 = 0.68), and the poorest with 
percent open bolls (r2 = 0.57). For neps percent open bolls was 
the best measure (r2 = 0.80) followed by percent immature 
bolls and percent immature lint mass (both r2 = 0.76). Fiber 
linear density was best represented by percent immature lint 
mass (r2 = 0.82) followed by percent immature bolls (r2 = 
0.79). No signifi cant relationship for changes in fi ber length 
was determined.

Like yield, fi ber attributes were only substantially aff ected 
once harvest aid treatments were applied before 60% open 
bolls. Th e level of neps in fi ber with no lint cleaning was 
increased by 29 counts g−1, associated with 0.10 reduction in 
micronaire, 0.01 reduction in maturity ratio, and 3.64 mtex 
reduction when harvest aids were applied at 40% open bolls 
from 60% open bolls. Application of harvest aids aft er 60% 

Table 3. Impact of harvest aid timing on fi ber upper half mean length 
(UHML), bundle strength, micronaire, fi ber maturity ratio, and linear den-
sity for all experiments.

Harvest aid 
treatment

Length 
UHML

Bundle 
strength Micronaire

Maturity 
ratio

Linear 
density

mm cN tex–1 mtex
Experiment 1

   1 28.96 31.05 4.08 0.88 171.50
   2 29.72 31.37 4.15 0.91 180.50
   3 29.21 30.30 4.55 0.98 194.00
   4 28.96 29.62 4.55 0.91 190.75
   5 30.23 31.70 4.33 0.95 183.25
   6 29.97 30.77 4.68 0.91 195.00
   7 29.72 30.65 4.58 0.95 195.50
Control 29.97 31.37 4.58 0.95 193.25
LSD (0.05) 0.76* 1.75 0.36* 0.10 12.22**

Experiment 2
   1 29.46 31.88 4.18 0.82 179.00
   2 29.46 30.48 4.58 0.85 187.75
   3 29.72 30.93 4.68 0.90 195.75
   4 29.46 30.95 4.85 0.95 202.00
   5 28.45 28.85 5.18 0.91 207.25
   6 29.21 30.38 5.08 0.95 204.50
   7 29.72 31.40 5.03 0.99 209.50
Control 29.97 31.35 4.93 0.90 200.50
LSD (0.05) 1.02* 2.12 0.36*** 0.10* 10.72***

Experiment 3
   1 29.27 32.00 2.95 0.53 158.50
   2 29.91 32.25 2.85 0.69 151.50
   3 30.35 31.88 3.25 0.63 173.00
   4 30.10 31.65 3.58 0.65 178.20
   5 30.29 31.00 3.73 0.75 182.00
Control 30.42 30.98 3.83 0.75 191.20
LSD (0.05) 0.54** 1.41 0.26*** 0.15* 9.26**

* Signifi cant at the 0.05 level.

** Signifi cant at the 0.01 level.

*** Signifi cant at the 0.001 level.
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open bolls did not aff ect microniare as was found by Faircloth 
et al. (2004a).

Similar to other studies the number of lint cleaning passes 
had signifi cant eff ects on nep levels (Anthony et al., 1988; 
Dever and Gannaway, 1988; Hebert et al., 1986; Mangialardi, 
1985) (Table 4). One lint cleaning pass contributed an extra 97 
and 95 neps for Exp. 1 and 2, respectively. A second lint clean-
ing pass contributed 101 and 114 for Exp. 1 and 2, respectively 
in addition to neps generated by 1 lint cleaning pass. In Exp. 
3 there was a signifi cant interaction between the timing of 
harvest aid treatment and the number of lint cleaning passes 
where the earliest two harvest aid treatments had substantially 
more neps with addition of lint cleaning. As a result, the mean 
contribution of lint cleaning to neps were 144 more neps for 1 
lint cleaning pass and another 181 more neps for a second pass. 
Anthony et al. (1988) and Mangialardi (1985) also showed that 
the increase in neps for each lint cleaning pass was essentially 

equal in magnitude except when lint had been exces-
sively weathered.

To account for the eff ect of lint cleaners on the 
level of neps across seasons and treatment diff erences 
associated with Exp. 3 the change in nep count of 
each harvest aid treatment and lint cleaning passes 
from the control treatment with 0 lint cleaning 
was related to percent open bolls, percent imma-
ture bolls, and percent immature lint mass (Table 
5, Fig. 5). A three parameter exponential function 
was chosen as it accounted for the steeper increase 
in neps with later harvest aid treatments and more 
lint cleaning passes. Th e best responses were those 
that related change in neps with percent immature 
lint mass, followed by percent immature bolls then 
percent open bolls. Th ese responses highlighted a 
consistent increase in neps with more immature 
bolls/cotton, and the relative stability in the extra 
contribution of lint cleaners until around 20% 
immature bolls (62% mature bolls; 52% immature 
lint) where the eff ect of the interaction of larger 
amounts of immature cotton (caused by early harvest 
aid treatments) and lint cleaning had taken eff ect.

On the basis of yield, micronaire, fi ber maturity, 
and neps the results here also support the current 
recommendation of applying harvest aids at 60% 
open bolls or around 4 NACB in uniformly matur-
ing cotton crops. Th is study however, showed across 
three diff erent seasons that all these attributes were 
consistently aff ected before 60% open bolls. Th e 
decision on whether to apply harvest aids earlier 
than 60% open bolls is oft en aff ected by yield and 
quality losses from crop weathering and/or the over-
all maturity of the crop. If seasons have been cooler 
and crops are delayed (as was the case with Exp. 3 
in this study) fi bers will already be less mature and 
the risk of harvesting immature fi ber and creating 
neps is already inherently greater. Th erefore applying 
harvest aids before 60% open bolls only increases 
the chances of lowering micronaire, harvesting more 
immature fi ber and generating more neps, attracting 

discounts to growers and aff ecting quality of textiles produced 
from this cotton. Th is is especially made more important when 
lint cleaning is applied in the gin (Fig. 4). Ensuring that cotton 
is as mature as possible when delivered to the gin will help to 
contain these issues. Applying harvest aids earlier in this study 
did reduce micronaire when it was high (as was the case in Exp. 
2), but it also reduced yield negating any potential benefi t to 
the grower. Th e ability to predict whole of seasonal eff ects on 
micronaire/maturity at the time of harvest aid application will 
assist in determining the risks and costs of earlier applications 
(Wanjura and Newton, 1981).

CONCLUSIONS
Quantitative relationships of yield, micronaire, fi ber matu-

rity, fi ber linear density, and neps (including the eff ect of lint 
cleaning) to crop condition at harvest aid application, with 
associated targets for optimizing these properties, will help in 
assessing risks and costs especially when earlier applications 

Table 4. Effect of harvest aid treatment and 0, 1, and 2 lint cleaning passes 
on the level of neps for each experiment.

Harvest aid treatment
0 lint 

cleaners

1 lint 
cleaner 

pass

2 lint 
cleaner 
passes

count g–1

Experiment 1
   1 247.8 399.5 521.8
   2 243.3 342.8 456.8
   3 262.8 320.2 427.5
   4 206.0 359.8 455.0
   5 178.8 236.0 350.0
   6 194.5 274.5 354.3
   7 217.8 261.3 358.8
Control 153.8 286.0 363.3
Mean neps (lint cleaner) 213.1 310.0 410.9
LSD harvest aid treatment 63.0***
LSD lint cleaner 38.6***
LSD harvest aid treatment × lint cleaner 109.2

Experiment 2
   1 263.0 428.8 568.5
   2 233.8 347.0 441.8
   3 195.3 276.8 415.0
   4 171.3 255.3 362.2
   5 199.5 290.8 381.8
   6 162.5 262.8 408.0
   7 180.8 238.5 346.2
Control 183.5 253.2 342.2
Mean neps (lint cleaner) 198.7 294.1 408.2
LSD harvest aid treatment 46.0***
LSD lint cleaner 28.2***
LSD harvest aid treatment × lint cleaner 79.7

Experiment 3
   1 340.2 573.0 810.8
   2 364.3 529.8 774.0
   3 249.0 406.0 561.2
   4 220.7 332.5 493.0
   5 192.0 284.7 436.2
Control 197.5 304.7 442.7
Mean (lint cleaner) 260.6 405.1 586.3
LSD harvest aid treatment 40.2***
LSD lint cleaner 28.4***
LSD harvest aid treatment × lint cleaner 69.6***

*** Signifi cant at the 0.001 level.
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of harvest aids are considered. Th e percent immature bolls 
measure of crop condition utilizing the boll cutting technique 
predicted the eff ects of harvest aid timing and can be applied 
when crops are non-uniform in their maturity, such as when 
they contain a fruiting gap (Faircloth et al., 2004b). Th is 
however, will need to be evaluated along with a greater range of 
environments and cultivars, especially those cultivars diff er-
ing in crop maturity where the degree of change in yield and 
aspects of quality such as micronaire can lead to diff erences 
in the response to harvest aid timing (Faircloth et al., 2004a). 
Th e addition of yield and quality data collected when there 
are more than 70% immature bolls at the tme of harvest aid 
application will help to strengthen the relationships developed 
in this study.

Recommendations for timing of harvest aid applications 
may also be better refi ned following detailed assessment of 
the textile performance (both yarn and fabric) of treatments 
that sequentially vary the quantity of immature fi ber. Th e use 
of the percent immature lint mass derived in this study, along 

with the level of immature fi ber in bolls defi ned using the boll 
cutting technique, may also help in predicting the textile con-
sequences of immature fi ber on neps and dye uptake in fabric 
generated from in-fi eld and ginning practices. Th is is a subject 
of further research.
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Fig. 4. The relationship that predicts the levels of neps (with 
no lint cleaning) with fiber linear density (ld).

Fig. 5. An example of the response of change in lint neps 
with crop condition at harvest aid treatment associated 
with 0, 1, and 2 lint cleaning passes across all experiments. 
Change in neps is calculated as the change in neps from the 
control harvest aid treatment with no lint cleaning for each 
experiment. Regressions use a three parameter exponential 
function (y = a × e(bx) + c).

Table 5. Regression coeffi cients for effects of lint cleaning on 
change in nep levels (count g–1). Change in neps is calculated 
as the change in neps from the control harvest aid treatment 
with no lint cleaning for each experiment. Regression used 
is a three parameter exponential function (y = a × e(bx) + c). 
Examples of fi tted function are shown in Fig. 5. All regressions 
were signifi cant at the 0.001 level.

Crop condition/No. of 
lint cleaning passes r2 a b c

Percent open bolls
0 lint cleaning 0.41 115.08 –0.047 17.29
1 lint cleaning pass 0.64 237.53 –0.050 100.95
2 lint cleaning passes 0.70 342.24 –0.043 195.52
Percent immature bolls
0 lint cleaning 0.48 2.11 0.047 16.81
1 lint cleaning pass 0.72 3.78 0.049 99.42
2 lint cleaning passes 0.85 4.30 0.052 203.22
Percent immature lint mass
0 lint cleaning 0.50 0.45 0.078 21.15
1 lint cleaning pass 0.73 1.19 0.075 106.33
2 lint cleaning passes 0.87 0.55 0.091 216.78
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Cotton is primarily grown for its fiber, and its popularity 
is due to the natural feel and light weight of cotton fab-

rics. Most Australian cotton (circa 98%) is exported and it has a 
good reputation based on consistency, low contamination, and 
adequate quality, and as such receives a premium on its base 
price (Australian Bureau of Agricultural and Research Econom-
ics 2008; The Australian Cotton Grower, 2008). However, the 
dynamic and ever increasingly competitive international market 
provides strong imperative for the Australian cotton industry to 
continue improving fiber quality to maintain market access for 
industry viability. Australian cotton represents approximately 
10% of the medium to high grade volume in the export mar-
ket (International Cotton Advisory Committee, 2008), and is 
used to produce medium to fine count (30 to 12 tex) yarns which 
are spun predominantly on ring spinning systems, of which 40 
to 60% are combed yarns (Ratnam et al., 2005). These systems 
require good fiber length, strength, and fineness (smaller perim-
eter and thus with lower linear density) when compared to other 
spinning systems (Deussen, 1993); such quality parameters affect 
stronger yarns and enable finer yarns to be manufactured more 
efficiently (Fiori and Brown, 1951; Leitgeb and Wakeham, 1956). 
All Australian cotton is manually classed via U.S. Department of 
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Agriculture (USDA) grade classification standards, and is 
objectively assessed using High Volume Instrument (HVI) 
testing for quality parameters (e.g., tensile and length 
properties).

In recent years there have been concerns by spinners 
relating to high micronaire and neps in some Australian 
cotton (Gordon et al., 2004). Micronaire is an air resistance 
based indirect measure of linear density that is influenced 
by both fiber perimeter and the degree of cell wall thicken-
ing or maturity (typically reported as maturity ratio) (Lord 
and Heap, 1988). It was intended to convey the intrinsic 
fineness (or coarseness) of cotton fiber. The original units 
for micronaire were micrograms per inch, but because a 
greater understanding of this technique has shown its unre-
liable representation of linear density alone, the measure is 
typically reported without units. The optimum range of 
micronaire is between 3.8 and 4.5 with discounts applied 
to growers when values fall outside this range. High micro-
naire cotton (>4.5) is considered coarse (large perimeter) 
by spinners and results in fewer fibers in the yarn cross-sec-
tion, which translates into weaker and less even yarns. Yarn 
strength is recognized as the most important yarn quality 
attribute (May and Taylor, 1998; Ghosh et al., 2005). Due 
to the ever increasing competiveness and therefore low 
profit margins of textile manufacturing, fabric manufac-
turers require stronger yarns so they can produce fabric at 
maximum speed with minimal stoppages.

Neps are small entanglements of cotton fibers, especially 
immature or ‘dead’ fibers that develop during mechani-
cal processing such as lint cleaning in the ginning process 
(Bogdan, 1954; Hebert et al., 1988; Mangialardi and Lalor, 
1990). They are undesirable as they decrease mill process-
ing efficiency and typically absorb less dye and reflect light 
differently, and may appear as ‘flecks’ on finished fabrics 
(Goynes et al., 1997; Anthony et al., 1988). While there is 
currently no routine testing of neps in Australian cotton 
and therefore no discount to growers, the high incidence 
of neps can affect overall industry reputation when cotton 
arrives at the mill. Gordon et al. (2004) reported that spin-
ning mills prefer cotton to contain < 250 neps g–1.

In delivering improved overall quality within an 
industry it is important to understand the contribution 
of all factors in the supply chain that limit quality. This 
includes differences attributed to genetics, management, 
and environment in which crops are grown, and process-
ing and handling of cotton before delivery to the spinning 
mills. The strong influence that genetics has on fiber qual-
ity is well documented (Meredith et al., 1991; Saha et al., 
2006; Asif et al., 2008) and unfortunately better quality is 
associated with lower yield (Green and Culp, 1990; Con-
stable and Bange, 2007). 

This study compares the fiber quality and textile per-
formance of Australian cotton genotypes grown under 
standard commercial field growing conditions. Genotypes 

were a mix of commercially available cultivars and unre-
leased breeding lines with a range of fiber quality. The 
objective of this work was to ascertain how fiber quality 
differences led to changes in fiber neps and yarn perfor-
mance of genotypes. This included the use of new instru-
mentation unique to the Australian industry to decipher 
the micronaire measure and to better determine the fine-
ness (or coarseness) of cotton fiber. The cost benefits of 
premium quality vs. reduced yield were detailed and sug-
gestions for a testing protocol for future genotype assess-
ment was also an outcome of this work.

MATERIALS AND METHODS

Cultural Details of Field Experiments
Two field experiments were conducted over two consecutive 
growing seasons (2005/2006–Exp. 1 and 2006/2007–Exp. 2) 
at the Australian Cotton Research Institute (ACRI) at Narrabri 
(30°18’ S, 149°48’ E) to compare the quality and textile perfor-
mance of Australian cotton genotypes. The location is a semiarid 
environment with gray vertosol (Isbell, 2002) in northwestern 
New South Wales, Australia. Both experiments used a random-
ized complete block design with genotypes as treatments with 
two replications. Logistics of handling large amounts of fiber for 
yarn processing limited the number of replications.

Genotypes bred by the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) were used in these 
experiments, and included the commercially available Gossy-
pium hirsutum L. (Upland) cultivars Sicot 71BR and Sicala 350B 
(Stiller, 2005), and the G. barbadense L. (Pima) cultivar Sip-
ima 280 (Stiller, 2008). Experimental Upland breeding lines 
CHQX12B, CHQX377, and CHQX90 were also assessed. 
Sipima 280 and CHQX90 were only grown in Exp. 2. Sicot 
71BR was the most widely grown Bollgard II/Roundup Ready 
(Monsanto Co., St. Louis, MO) cultivar, and was popular 
because of its high yields; in the 2005/2006 and 2006/2007 
seasons Sicot 71BR occupied 21 and 41%, respectively, of the 
area grown to cotton in Australia. The other genotypes were 
evaluated as possible niche or premium fiber types. For exam-
ple, Sicala 350B is a cultivar with significantly longer and finer 
fibers than Sicot 71BR, however its uptake by growers has been 
minimal due to its lower yields.

Experiments were sown with a disc opening Kinze com-
mercial row-crop planter. Seeds were sown at 5 cm depth, 
delivered at 15 seeds m–1. Experiment 1 was sown 25 Oct. 2005 
while Exp. 2 was sown 17 Oct. 2006. Treatment plots were 180 
m by eight rows in Exp. 1 and 585 m by three  rows in Exp. 
2; both had rows spaced at 1 m. Crops were established and 
grown with full irrigation, and using nonlimiting N applied 
as anhydrous ammonia (injected below and to the side of the 
plant line) at a rate of 200 kg ha–1 in Exp. 1 approximately 4 wk 
before sowing, and 180 kg ha–1 in Exp. 2, 8 wk before sowing. 
Crops were checked regularly for the presence of pests, which 
were controlled as required according to standard thresholds for 
non-Bollgard II cotton (Deutscher et al., 2004) and as described 
by Hearn and Fitt (1992). Experiments were defoliated in prep-
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Yarn Manufacture
Fiber from field experiments was spun into yarn at CSIRO 
Materials Science and Engineering, Belmont, Victoria. For 
each experimental unit (bale), 50 kg of fiber was opened and 
cleaned via a Trützschler ‘blowroom’ which incorporated an 
Inclined Lattice Bale Feed and CVT3 Opener and Cleaner to 
remove trash and open the fiber. The fiber was then carded via 
a Trützschler DK 903 card to remove some short fibers, neps, 
and more trash. Carded sliver was then subjected to one pas-
sage of a Trützschler HSR 1000 draw frame, and the drawn 
sliver was then divided into two lots. One lot was subjected to a 
second draw frame passage (designated ‘card’) while the second 
lot was combed with a Vouk CM 400/S combing machine and 
then drawn a second time (designated ‘combed’). The combing 
process further improves fiber straightening and alignment, and 
further removes short fibers, neps, and trash particles.

Both card and combed treatments were converted into 
twisted roving via a Zinser 660 FU roving machine. Twisted 
roving was spun on a Zinser 350 RM ring spinning machine to 
produce 20 tex yarns with a twist factor (αe) of 3.7 (792 turns per 
meter), which is considered a typical count yarn used for manu-
facturing light weight knitted fabrics. Thirty bobbins of yarn 
were produced for each genotype ´ replicate experimental unit.

Yarn Measurements
Yarn quality was tested for evenness [% coefficient of varia-
tion (% CV)] and yarn neps (+200%) using an Uster Technolo-
gies Uster Tester 4-SX, and for yarn strength (cN tex–1) using a 
Zellweger Uster Uster Tensorapid 3. Yarn evenness is the mea-
sure of the variation in the mass of the yarn sampled every 10 
cm for a 1000 m sample, yarn neps is the number of neps identi-
fied as being greater than twice the yarn thickness in a 1000 m 
sample, while yarn strength is the force required to break the 
yarn normalized to the linear density of the yarn. Measures of 
yarn quality are an average taken from 10 bobbins of yarn ran-
domly selected from the 30 produced per processing treatment.

Data Analysis
Statistical differences in genotypes were analyzed using ANOVA 
and treatment means compared using Fisher’s LSD method (5%).

RESULTS

Season Temperatures
Experiment 1 had warmer conditions than Exp. 2 through 
December and January, yet had cooler conditions than 
Exp. 2 at the end of the season (Fig. 1).

Fiber Yield
Over both seasons Sicot 71BR had the highest yields 
followed by CHQX12B then Sicala 350B. Yields of 
CHQX377 were similar to Sicala 350B in Exp. 1 but 
lower in Exp. 2. CHQX90 and Sipima 280 yields were 
lower than the other genotypes in Exp. 2 (Fig. 2).

aration for harvest when all treatments had 80% of bolls open 
(Exp.1, 15 Apr. 2006; Exp. 2, 5 Apr. 2007).

Meteorological data for the experimental period was mea-
sured 2 km from the field site at the ACRI.

Harvest and Ginning
Experiments were machine harvested with a John Deere spindle 
cotton picker. Upland seed cotton was ginned on a Continental 
Eagle 100 saw gin with one lint cleaning passage, located at 
Cotton Seed Distributors, Wee Waa, New South Wales. Pima 
cotton was ginned with a Continental Eagle roller gin located 
at Clyde Agriculture, Bourke, New South Wales.

Fiber Quality Measurements
Following ginning, manual classing of fiber was undertaken 
to determine the color and leaf grades using USDA grade clas-
sification standards. Color grade is determined by the degree of 
reflectance and yellowness, while leaf grade is a visual estimate 
of the amount of cotton plant leaf particles in the ginned fiber.

Fiber samples were subjected to assessment using a Uster Tech-
nologies HVI model 900 to determine upper half mean length 
(mm), bundle strength (cN tex–1), and micronaire. These represent 
measurements typically used in conjunction with manual classing 
results to determine any premiums or discounts applied by cotton 
merchants for cotton prices attained by growers. 

Additional subsamples were blended through one passage 
of a SDL ‘Shirley’ Analyser Mk2, and then tested for maturity 
ratio using the CSIRO polarized light microscopy instrument 
SiroMat (Gordon and Phair, 2005; Long et al., 2009), gravi-
metrically determined linear density (mtex) using the CSIRO 
Cottonscan instrument (Naylor and Purmalis, 2005; Abbott et 
al., 2009), and fiber diameter (ribbon width) (µm) using the 
CSIRO photometric laser based instrument Sirolan-Laserscan 
(Lynch and Michie, 1976; Lunney and Irvine, 1979; Charlton, 
1995). Resulting measurements for experimental units of fiber 
maturity ratio, linear density, and ribbon width were the aver-
age of three, five and three instrument replicates, respectively.

Neps (count g–1) were measured using an Uster Technolo-
gies Advanced Fiber Information Systems (AFIS PRO) instru-
ment. It is well known that the intense mechanical manipulation 
of the lint cleaner procedure in the ginning process is a major 
contributor of neps in cotton fiber (Anthony et al., 1988). Thus 
neps were measured not only in ginned fiber (following a single 
commercial lint cleaner passage for Upland and no lint clean-
ing for Pima) but also after Upland fiber had been subjected to 
additional experimental lint cleaner passages (an extra one–two 
lint cleaner passages in total, and an additional second pass–
three lint cleaner passages in total). The CSIRO manufactured 
experimental lint cleaner had a sample feed loading density of 
100 g m–2, a saw speed of 855 rpm, a combing ratio (of the sur-
face speed of the feed roller to the surface speed of the saw) of 
23, and had four grid bars each located at a distance of 0.5 mm 
from the saw. Lint cleaning was performed in a cotton spinning 
mill with conditions of 23°C ± 2°C and 58% RH ± 2% RH. 
AFIS PRO neps measurements for each experimental sample 
were an average of five instrument replicates.
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Fiber Quality
Hand classing results showed little differences between 
Upland genotypes for either season, with color grade 

being Middling to Strict Middling at leaf grade 3. Pima 
was Middling (light spot) with a leaf grade of 2 (Table 1).

Fiber length differed between genotypes in both 
experiments (Table 1). Of the Upland genotypes Sicala 
350B had the longest fibers, while Sicot 71BR had the 
shortest. The Pima cultivar had fibers substantially longer 
than all other genotypes (up to 6 mm longer than the 
Upland genotypes).

For fiber bundle strength, there were little differences 
in Exp. 1; in Exp. 2 Sicot 71BR was lower in strength. For 
the Upland genotypes in both experiments CHQX377 
tended to have the highest fiber strength (Table 1). Fiber 
strength of Sipima 280 was substantially greater than the 
highest measured for the Upland genotypes (16.2 cN tex–1 
strength units greater) (Table 1).

For micronaire there were no strong differences mea-
sured in Exp. 1, although Sicot 71BR trended to have 
higher micronaire. This result was reflected in small dif-
ferences measured in maturity ratio, however, there were 
clear differences in fiber linear density with Sicot 71BR 
being significantly higher than the other genotypes (by 13 

Fig. 1. Average monthly temperatures for both experiments.

Fig. 2. Fiber yields of Australian cotton genotypes for (a) Exp. 1 (2005/2006) and (b) Exp. 2 (2006/2007). LSD values (P = 0.05) are 
reported for significant ANOVA results.

Table 1. Fiber quality attributes: High Volume Instrument determined length and strength, and manual class color and leaf 
grade for Exp. 1 (2005/2006) and Exp. 2 (2006/2007). Color and leaf grade based on USDA classification system. Color grade 
describes the degree of reflectance and yellowness (SM–strict middling; M–middling; LS–light spotted) while leaf grade a 
visual estimate of the amount of cotton plant leaf particles in the cotton on a scale from 1 (low) to 7 (high).

Genotype
Length Strength Color grade Leaf grade

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
–––––––– mm –––––––– ––––––– cN tex–1 –––––––

Sicot 71BR 29.5 28.2 29.8 30.4 SM SM 3 3

Sicala 350B 32.5 32.5 31.5 34.0 SM SM 3 3

CHQX12B 32.0 31.2 32.0 33.2 SM/LS M 3 3

CHQX377 31.0 31.5 34.0 35.4 SM M 3 3

CHQX90 – 31.0 – 33.6 – M – 3

Sipima 280 – 36.6 – 51.5 – M/LS – 2

LSD 1.2** 0.8*** ns† 3.8*** – – – –

** Significant at P < 0.01.

*** Significant at P < 0.001.
†ns,  not significantly different.
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mtex) (Table 2). Ribbon width also varied with Sicot 71BR 
having the highest measured value along with CHQX12B 
(Table 2). In Exp. 2 micronaire differed with Sicot 71BR 
and CHQX12B having the highest values, while Sipima 
280 had the lowest. These differences were reflected in the 
maturity ratio, linear density and ribbon width with Sicot 
71BR also recording the highest values and Sipima 280 the 
lowest values of these measurements (Table 2).

Neps in Exp. 1 differed between genotypes with 
Sicot 71BR having the highest and CHQX377 having the 
lowest number of neps following one lint cleaning pas-
sage (Fig. 3a). Across genotypes lint cleaning significantly 
increased neps by an average of 104 neps per lint cleaner 
passage (i.e., an average of 190, 297, and 398 neps in fiber 
after one, two, and three lint cleaner passages, respectively) 
(Fig. 3b). In Exp. 2 there was less difference between the 

Table 2. Fiber micronaire (High Volume Instrument) including those attributes that influence it: fiber maturity (SiroMat polarized 
light microscope), gravimetrically determined fiber linear density (Cottonscan), and ribbon width (Sirolan-Laserscan); for Exp. 
1 (2005/2006) and Exp. 2 (2006/2007).

Genotype
Micronaire Maturity ratio Linear density Ribbon width

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
––––––––– mtex ––––––––– ––––––––– µm –––––––––

Sicot 71BR 4.5 4.9 0.96 0.90 207 210 14.8 15.4

Sicala 350B 4.3 4.5 0.90 0.86 190 185 14.0 14.5

CHQX12B 4.4 4.7 0.89 0.85 199 192 14.7 15.2

CHQX377 4.4 4.4 0.95 0.83 192 174 13.9 14.3

CHQX90 – 4.0 – 0.80 – 168 – 14.5

Sipima 280 – 3.8 – 0.78 – 143 – 13.7

LSD ns† 0.3*** ns 0.05* 11* 7*** 0.2*** 0.5**

* Significant at P < 0.05.

** Significant at P < 0.01.

*** Significant at P < 0.001.
†ns, not significantly different.

Fig. 3. Neps per gram of fiber measured with the Uster AFIS-PRO for (a and b) Exp. 1 (2005/2006) and (c and d) Exp. 2 (2006/2007). 
Upland genotypes were commercially saw ginned with one lint cleaner passage and then subjected to a second and third experimental 
lint cleaner treatment. The Pima cultivar Sipima 280 was commercially roller ginned and not subjected to any lint cleaning. LSD values 
(P = 0.05) are reported for significant ANOVA results (excludes Sipima 280); there was no significant interaction between genotype and 
lint cleaning.
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Upland genotypes for neps with only CHQX90 having 
more neps than the others (Fig. 3c). Sipima 280 had more 
neps than all Upland genotypes with one lint cleaner 
passage (Fig. 3c). Again across the Upland cultivars lint 
cleaning increased neps by an average of 104 neps per lint 
cleaner passage (i.e., there was an average of 202, 292, 
and 409 neps in fiber following one, two, and three lint 
cleaner passages, respectively) (Fig. 3d). In both experi-
ments there was no significant interaction between geno-
types and the number of lint cleaning passages.

Yarn Quality
Yarn strength and evenness differed between genotypes 
in both experiments for carded and combed yarns, while 
yarn neps only differed across genotypes for Exp. 2 (Table 
3). In Exp. 1 Sicot 71BR spun the weakest yarns, while 
CHQX377 spun the strongest carded yarns. For combed 
yarns Sicot 71BR had the lowest strength, but CHQX377 
had similar strength to Sicala 350B (Table 3). Of the Upland 
genotypes in Exp. 2 Sicot 71BR had the lowest yarn strength 
while CHQX377 spun the strongest carded and combed 
yarns. Sipima 280 had substantially stronger yarns than any 
of the Upland cultivars; 6.2 and 7.0 cN tex–1 greater than 
CHQX377 for carded and combed yarns, respectively.

Yarn evenness in Exp. 1 for both carded and combed 
yarns was poorest for Sicot 71BR and CHQX12B, while 
Sicala 350B and CHQX377 spun more even yarns. In Exp. 2 
Sicot 71BR and CHQX12B were less even than other geno-
types for both carded and combed yarns, while CHQX377 
and Sipima 280 spun the most even yarns (Table 3).

For carded yarn neps in Exp. 2, Sipima 280, CHQX90, 
and CHQX12B had more neps than the other genotypes. 
In combed yarns only Sipima 280 had more neps than the 
other genotypes which did not significantly differ from 
each other (Table 3).

Figure 4 summarizes the impacts of micronaire and 
its components (linear density and maturity ratio) and 
their effect on yarn strength. It shows that the lowest 
yarn strengths were associated with genotypes with fiber 
linear densities above 195 mtex. High micronaire val-
ues (≥4.5) were also associated with lower yarn strength 
with the exception of CHQX12B in Exp.1. Interestingly, 
three genotypes (CHQX377 for both experiments and 
CHQX12B for Exp. 1) had a micronaire of 4.4, but all 
varied in linear density and maturity ratio.

DISCUSSION

Yarn Performance
Genotypes with longer and finer fiber had higher bundle 
strengths and spun stronger and more even yarns. Yarn 
strength is greatly influenced by genotype and is the sin-
gle most important yarn quality attribute (Meredith et al., 
1991; May and Taylor, 1998). Of the Upland genotypes 

CHQX377 produced the strongest yarns (Table 3) and 
these were ranked in the top 25% of yarns currently 
manufactured (Uster Technologies, 2007). In comparison 
the strength of yarns made using Sicala 350B were in the 
50% ranking, while Sicot 71BR was in the 75 to 95% 
ranking. The finer fibers of CHXQ377 meant there were 
more fibers in the yarn cross-section and thus significantly 
stronger yarns. The Pima cultivar spun the strongest yarns 
(Table 3) and these were ranked in the top 5%. Pima cot-
ton exhibited fibers with the lowest linear density and rib-
bon width. Pima fibers were also significantly longer than 
the Upland genotypes. Fiber length contributes to greater 
inter fiber frictional forces and yarn strength.

The Importance of Measuring  
the Components of Micronaire
As detailed the degree of coarseness or fineness of cotton fiber 
has a significant influence on the number of fibers in a yarn 
cross-section (Pearson, 1955; Kloth, 1998; Bradow and Davi-
donis, 2000; El-Gaward, 2006). Fiber perimeter (or diameter 
when the fiber is circular) is the parameter that directly reflects 
fiber fineness (Wakelyn et al., 1998). However this parameter 
is challenging to determine, with the tedious cross-sectional 
method being the most direct technique (Hequet et al., 2006). 
Linear density relates well to fineness and the reason why 
micronaire is used as an index; the micronaire test is rapid and 
easy to conduct and samples hundreds of thousands of fibers 
in a 10-g sample. However micronaire better represents fiber 
bundle specific surface area than linear density alone, and is 
mathematically related to gravimetrically determined linear 
density and maturity ratio (Lord and Heap, 1988). Certainly 
our work highlights the potential inability of the micronaire 
measure; for Exp. 1 both CHQX12B and CHQX377 had the 
same micronaire and yet CHQX12B had coarse (higher linear 
density and ribbon width) and less mature fibers (Table 2, Fig. 
4) and thus spun significantly weaker yarns (Table 3, Fig. 4). 
Similarly Sicot 71BR in Exp. 1 and Sicala 350B in Exp. 2 both 
had the same micronaire, but both had different linear den-
sity, maturity ratio, and yarn strength results (Fig. 4). Likewise, 
Raskopf (1966) reported that micronaire was a poor indicator 
of yarn strength.

Ribbon Width
The use of the Sirolan-Laserscan to measure ribbon width 
was a different approach of determining fiber fineness and its 
influence on yarn performance. Lord (1961) concluded that 
because ribbon width depends on both fiber perimeter and 
maturity, it cannot be regarded as a measure of intrinsic fiber 
fineness. Lord’s method examined a small number of fibers 
via a manual microscopic technique which is likely to have 
been unrepresentative of a sample used for yarn manufac-
turing; no work is known that relates ribbon width to yarn 
performance. The Sirolan-Laserscan instrument examined 
up to about 3000 fiber snippets per experimental unit, and 
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significant differences in ribbon width were found between 
genotypes (Table 2). Interestingly, for a correlation analysis 
combining both season’s data excluding the potential outlier 
effects of Sipima 280 (n = 9), ribbon width was better related 
to yarn strength than either micronaire or gravimetrically 
determined linear density, that is, fiber with smaller ribbon 
widths spun stronger yarns. However it should be noted 
that the genotypes in this study were all reasonably mature 
(i.e., the maturity ratio of the Upland genotypes was 0.80 or 
greater–Table 2) which may have minimized any confound-
ing effects of maturity (wall thickening) over fiber perimeter 
effects on ribbon width. Seagull et al. (2000) measured fiber 
diameter and concluded that cotton fiber perimeter changed 
during development, although the authors probably mea-
sured the effects of fiber maturation on ribbon width; fiber 
perimeter was not measured directly and probably did not 
change. While linear density and maturity ratio may provide 
information about the physiological mechanisms effecting 
wall thickening and fineness (e.g., understanding a manage-
ment practice on fiber maturity), an accurate measurement 
of ribbon width is likely to provide useful information about 
the outside dimensions of fibers that directly contribute to a 
yarn structure. Such information may add significant value 
to the modeling of yarn performance. Further studies are 
required to confirm the potential value of measuring cotton 
ribbon width.

Table 3. Yarn performance attributes of 20 tex ring spun 
carded and combed yarns for Exp. 1 (2005/2006) and Exp. 
2 (2006/2007).

Genotype
Strength Evenness Neps

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
––– cN tex–1 ––– ––– CV% ––– ––– +200% –––

Carded Yarn

Sicot 71BR 15.2 14.9 18.4 16.7 564 265

Sicala 350B 19.1 18.1 17.0 16.1 500 359

CHQX12B 16.7 16.9 18.2 17.4 522 586

CHQX377 19.9 19.2 16.7 15.2 457 336

CHQX90 – 17.2 – 16.5 – 554

Sipima 280 – 25.4 – 15.4 – 569

Combed Yarn

Sicot 71BR 16.6 16.7 14.8 14.1 182 54

Sicala 350B 21.1 19.7 12.8 13.0 119 74

CHQX12B 19.8 18.3 13.9 13.5 154 86

CHQX377 21.3 20.4 13.7 13.1 70 63

CHQX90 – 19.4 – 12.8 – 84

Sipima 280 – 27.4 – 12.1 – 136

LSD Genotype 0.5*** 0.5*** 0.5** 0.4*** ns† 141*

LSD Card  
   vs. Combed

0.3** 0.3*** 0.4*** 0.3*** 32*** 81***

LSD Interaction ns ns ns 0.6** ns ns

* Significant at P < 0.05.

** Significant at P < 0.01.

*** Significant at P < 0.001.
†ns, not significantly different.

Fig. 4. Graphical representation of the effects of micronaire (values reported under genotype name) and its influencing components 
(linear density and maturity ratio) on carded 20 tex yarn strength for genotypes in Exp. 1 (2005/2006) (open circle) and Exp. 2 (2006/2007) 
(open rectangle). Chart is a 3D contour plot (linear model) created in SigmaPlot 10.0.
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Neps
The relationship between fiber neps and yarn neps was 
poor for carded yarns, yet significant for combed yarns (for 
correlation analysis combining both season’s data exclud-
ing Sipima 280, n = 9). This is attributed to differences in 
how fiber neps and yarn neps are determined. The AFIS 
PRO measures all neps in an opened fiber sliver, while 
yarn neps is a measure of imperfections on the yarn’s sur-
face which can be influenced by trash and dust (Peters, 
2006). As well as removing large neps, the combing pro-
cess would have also removed trash and dust, and aligned 
fibers, thus allowing a more effective determination of 
actual yarn neps.

Minimizing fiber neps minimizes neps problems in 
textile processing. To aid this cause a fiber neps quality 
maximum threshold of 250 neps g−1 for Upland and 190 
neps g–1 for Pima has been suggested. These values are 
based on the Uster Statistics AFIS PRO neps levels, and 
cotton with these levels of neps will fall in the top 50% (or 
be better than average) (van der Sluijs and Hunter, 1999; 
Uster Technologies, 2007). The aim of this work was to 
identify genotypes with resilience to nep generation, and 
to understand the interaction between genotype and post-
harvest processes that are known to generate neps.

The strongest influence on neps was the mechanical 
action of saw lint cleaning which generated approximately 
100 neps g–1 per lint cleaner passage (Fig. 3). The nega-
tive effects of lint cleaning on nep generation and fiber 
quality are well known (Griffin, 1979; Hebert et al., 1986; 
Anthony et al.,1988; Bange et al., 2010). The amount of 
lint cleaning and the lint cleaner mechanical configura-
tion (e.g., saw speed and the number of grid bars) varies 
between gins and there has been considerable argument as 
to how much lint cleaning is appropriate, and the merits of 
cleaner cotton to obtain better classing grades vs. inferior 
fiber quality (Burley, 1959; Columbus et al., 1990).

The number of neps in Upland fiber in this study was 
similar to that observed by others; for example, Boykin 
(2008) reported average neps of 38 Upland cultivars with 
a single lint cleaner passage at 190 neps g–1 compared to 
195 neps g–1 in this study (average of the nine Upland 
genotypes from Exp. 1 and 2 at a single lint cleaner pas-
sage). However additional lint cleaner passages (usually 
two) are common in commercial gins in Australia, and it 
is important to note that fiber subjected to two and three 
(experimental) lint cleaner passages displayed an average 
nep level greater than the maximum quality threshold of 
250 neps g–1 (Fig. 3b, 3d).

No interaction was noted between Upland genotype 
and degree of lint cleaning, but some genotype differences 
in neps were evident. In Exp. 1 breeding line CHQX377 
had the least propensity to generate neps (Fig. 3a). This was 
probably due to the high maturing nature of this genotype in 
relation to its lower linear density and smaller ribbon width 

(Table 2) in combination with its high bundle strength (Table 
1); indeed van der Sluijs and Hunter (1999) reported that cot-
ton with higher bundle strength will be less likely to break 
up and create neps. For Exp. 2, CHQX90’s propensity to 
generate neps is attributed to this breeding line having low 
micronaire, maturity ratio and linear density in relation to a 
relatively larger ribbon width (Table 2); CHQX90 is coarse 
and less mature and therefore has less rigid weaker cell walls 
and thus a greater propensity to buckle and knot. The Pima 
cultivar had higher neps than expected (Fig. 3c) consider-
ing that no saw lint cleaning occurred during the roller gin-
ning process. This can be attributed to the immaturity of the 
Pima cultivar (0.78 maturity ratio), which was low enough 
to allow the relatively gentler mechanical process in the roller 
gin (compared to saw ginning) to create neps. Pima cotton is 
normally grown under warmer environments than the Nar-
rabri region, so the cooler temperatures during fiber matura-
tion in Exp. 2 would have reduced fiber maturity in Pima.

Yield and Quality-Are Premium 
Cultivars Viable?
Yields in these experiments were similar or higher than 
the current Australian average yield (1991 kg ha–1), and 
on average were approximately 2.8 times the world aver-
age yield (788 kg ha–1) (The Australian Cotton Grower, 
2008) (Fig. 2). As expected, over two seasons Sicot 71BR 
had the highest yield, Sicala 350B yielded 15% less and 
CHQX12B yielded 6% less. CHQX377 yielded similar to 
Sicala 350B in Exp. 1 but yielded less in Exp. 2; the mar-
ginally cooler growing conditions in Exp. 2 (Fig. 1) may 
have contributed to this reduction. CHQX90 and Sipima 
280 yielded less than half that of Sicot 71BR (Fig. 2b).

As reported previously (Azhar et al., 2004; Constable 
and Bange, 2007) a negative association between fiber 
quality and textile performance, and yield was found. 
For example the lower yielding genotypes Sipima 280 
and CHQX377 performed better than the higher yield-
ing genotypes Sicot 71BR and CHQX12B. A basic eco-
nomic analysis was conducted using the attributes in 
Table 1, micronaire (Table 2), yield (Fig. 2), the average 
premium-discount price points from six Australian mer-
chant companies (data not shown), and assuming $350 and 
$700 per 227 kg bale for Upland and Pima, respectively. It 
was found that the premiums gained for better fiber qual-
ity attributes did not outweigh the loss of return due to 
decreased yield. Clearly with a 15% yield penalty (e.g., as 
for Sicala 350B), a premium fiber cultivar would need at 
least a 15% price premium and that is not always the case. 
Chiou et al. (1993) suggested that improvements in cotton 
quality would increase demand and enhance economic 
returns for the U.S. cotton industry, and likewise grad-
ual improvements in quality and yield will ensure com-
mon Australian cotton remains competitive. Premium 
cultivars like Sicala 350B and Sipima 280 need to be on 
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hand should an economically viable niche market become 
available. For example, recent work has demonstrated the 
potential value of Sicala 350B to be used as a substitute for 
Pima cotton (van der Sluijs, 2007).

Protocols for Future Fiber  
Quality Assessment
Although it is generally conceded that micronaire is not 
necessarily the correct instrument to measure fineness/lin-
ear density or fiber maturity, its use continues with con-
siderable impacts on price premiums/discounts. Routinely 
measuring the components of micronaire (maturity ratio 
and gravimetrically determined linear density) and or other 
measures of fineness (ribbon width) during classing, will 
ensure that discounts are applied appropriately, and is likely 
to offer economic value through the attraction of premium 
cultivars to niche markets by providing merchants and spin-
ners with information which gives a more realistic indica-
tion of the potential textile performance of cotton.

The addition of AFIS PRO neps testing during class-
ing would make growers aware of the production issues 
(cultivar and agronomic) effecting neps. Similarly the gin-
ning industry would be in a better position to gin appro-
priately to minimize neps, while merchants could market 
cotton appropriately and potentially pay premiums for 
cotton with lower nep levels.

CONCLUSION
Australian cotton has a good reputation based on its con-
sistency, low contamination, and adequate quality. The 
fiber and yarn performance of cotton genotypes bred by 
the CSIRO were assessed in two field experiments over 
two seasons, and included the use of novel instrumenta-
tion to measure fiber maturity ratio, fiber linear density, 
and ribbon width. All genotypes spun good quality yarns 
that would be accepted throughout international mar-
kets. Some genotypes had high fiber quality, although the 
financial premiums gained based on the current classing 
methodology did not outweigh the loss of return due to 
these genotypes having lower yield. Adopting new tech-
nology to better measure the components of micronaire 
and other measures of fiber fineness/coarseness (ribbon 
width) is likely to add value to Australian cotton and will 
aid in the development of better quality cotton genotypes.
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ABSTRACT

Differences in micronaire of cotton fiber 
can affect grower returns, and influence textile 
quality. Therefore quantifying those effects 
that influence micronaire are important in 
developing management practices to optimise 
micronaire. This study proposes a method for 
predicting seasonal crop micronaire. The aim 
was to quantify the response of micronaire to 
temperature during boll filling and assess this 
information’s ability to predict micronaire on 
an independent dataset. Utilising existing data 
from sowing time experiments in Australia 
that spanned three decades, linear responses of 
micronaire to both daily average and minimum 
temperatures were developed (r2 =0.68 for 
both). These responses coupled with an estimate 
of temperature during the boll filling period 
when the majority of bolls were undergoing 
fiber thickening were able to successfully 
predict the micronaire on an independent 
dataset (r2=0.42) despite no adjustment for 
other climate and management factors that 
may influence crop micronaire. The ability 
to predict temperature effects on micronaire 
will be useful to assess reasons for seasonal 
and regional differences in micronaire and 
assess opportunities to modify micronaire with 
changes in management practices that influence 
the timing of boll development.

Micronaire (no units) of cotton is a fiber 
quality trait that reflects a combination of 

fiber linear density (often referred to as fineness) 
and fiber maturity (Lord and Heap, 1988). Too 
high micronaire (> 4.5) may indicate that fiber is 
coarse and is undesirable for spinners as it results 

in too few fibers in yarn cross section, reducing its 
strength. Too low micronaire (< 3.8) may mean 
that fibers are immature, leading to breakages in 
fibers within the yarn and poor dye uptake during 
textile processing. As a consequence growers may 
incur price discounts if micronaire of their cotton 
falls outside the optimal range (3.8 to 4.5) (Bange 
et al., 2009; Bednarz et al., 2002; Gordon and 
Naylor, 2004).

The degree of fiber thickening or fiber maturity, 
contributes to differences in micronaire. When 
comparing fibres of similar perimeter the thicker 
the layers of cellulose laid down the more mature 
the fiber, and the higher the micronaire. Since fiber 
is primarily cellulose any influence on net crop 
photosynthesis and carbohydrate production will 
have similar influence on fiber thickening.

I t  therefore  s tands  to  reason that  as 
photosynthesis is highly influenced by temperature 
(El-Sharkawy and Hesketh, 1964); sustained 
changes in temperature during the fiber thickening 
period will lead to differences in micronaire. In 
addition, studies of cotton fiber development 
using cultured cotton ovules have shown that cool 
temperatures during secondary wall thickening 
affected cellulose deposition leading to differences 
in fiber weight (Haigler et al., 1990; Roberts et al., 
1992). These studies provided evidence to suggest 
that temperature influences on fiber development 
were also ovule specific during this phase, and was 
not entirely dependent on carbohydrate supply; 
reinforcing the significant effects of temperature 
on micronaire.

Many studies have shown that micronaire 
responds to temperature changes (Gipson and 
Joham, 1968; Hesketh and Low, 1968; Gipson and 
Ray, 1970; Wanjura and Baker, 1985; Liakatas et 
al., 1998; Reddy et al., 1999). Radiation (Pettigrew, 
1995; Wang et al., 2006); plant defoliation (Siebert 
et al., 2006; Bange et al., 2010); water stress 
(Hearn, 1994); and competition among bolls 
for carbohydrate within the plant (Brook et al., 
1992; Pettigrew, 1995), have also been shown to 
affect micronaire. A fundamental understanding 
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of the degree of these influences on micronaire 
is important so that management practices can be 
developed to optimise micronaire.

Wanjura and Supak (1985) have used this 
understanding to predict or analyse consequences 
of temperature on micronaire. In this paper an 
alternative approach for predicting seasonal crop 
micronaire is proposed and tested. The response 
of micronaire to temperature was developed from 
micronaire measured from sowing time studies, 
and the use of a new approach to estimate the 
temperature during the fiber thickening phase of 
a crop’s boll filling period was used. The ability 
of this approach to predict micronaire was tested 
against an independent dataset. This approach can be 
utilised to predict or analyse the effects on seasonal 
temperatures on micronaire such that management 
decisions may be refined to improve micronaire.

MATERIALS AND METHODS

Estimating temperature effects on micronaire. 
Fiber development for an individual boll occurs 
between flowering and boll maturity (defined as a 
cracked boll). This period is often referred to as the 
boll period. Fiber development during the boll period 
can be divided into three phases: fiber elongation, 
secondary wall thickening, and maturation (Ryser, 
1999). For Gossypium hirsutum, fiber elongation 
occurs over approximately 20 d (Gipson and Joham, 
1968; Gipson and Ray, 1969; Benedict et al., 1973; 
Meinert and Delmer, 1977), but this period can vary 
with temperature (Gipson and Joham, 1968, 1969; 
Gipson and Ray, 1969). Fiber thickening leading to 
differences in micronaire occurs over a period of 
approximately 40 d (Shubert et al., 1973; Benedict 
et al., 1973) following fiber elongation and similarly 
varies with temperature (Gipson and Joham, 1968).

To estimate the period of fiber elongation and 
fiber thickening leading to differences in micronaire, 
thermal time of an average boll period of 68 d (750 
day degrees (DD)) (Constable, 1991; Hearn and 
Constable, 1984; Constable and Shaw, 1988) was 
divided proportionally using 20 d for fiber elongation 
and the following 40 d for fiber thickening. This 
equates to a 220 DD for the fiber elongation period 
and 440 DD for the fiber thickening phase. The 
remaining time is considered the fiber maturation 
phase in which the fibers dry, causing the vacuole 
(lumen) to collapse and the fiber to die.

Fiber quality data for these studies came from 
multisite experiments over a number of seasons. 
In order to determine any relationship between 
micronaire and temperature, it was necessary to 
retrospectively estimate development as above. 
Micronaire was compared with temperatures 
during mid boll fill, specifically from about 
1200 to 1440 DD from sowing. These dates were 
chosen to represent the stage when the majority 
of bolls in a crop were estimated to be at the fiber 
thickening stage. Some earlier bolls would not 
have reached fiber thickening at 1200 DD and 
some later bolls may still be thickening after 1440 
DD. Those points in development were chosen 
as follows:

The start of flowering was estimated as 777 
DD (Constable, 1991) after sowing. Cold shocks 
delay flowering when minimum temperature 
reaches or falls below 11oC (Hearn and Constable, 
1984). It was assumed that these crops required 
ten fruiting nodes to contribute to the majority 
of yield (Constable, 1991). The mid point of 
flowering was therefore five nodes after first 
flower (at 42 DD per node, or 210 DD). Since 
fiber elongation occurs in the first 220 DD after 
flowering, the point when all bolls have reached 
the fiber thickening stage is 777+210+220 = 1197 
DD. Fiber thickening is complete for the first 
bolls when 777+660 = 1437 DD. From that point, 
successive bolls are mature, and the period when 
all bolls are thickening ceases. Daily average and 
minimum temperature are then calculated for this 
fiber thickening period.

Day degrees (DD) were derived using a base 
temperature of 12°C (Constable and Shaw, 1988):

( ) ( )[ ] 2/1212degreesDay minmax −+−= TT 	 (1)

where Tmax and Tmin are daily maximum and 
minimum temperatures respectively. When Tmin < 
12°C, Tmin = 12. (or (Tmin – 12) > 0.0).

Response of micronaire to temperature. 
To develop a relationship to temperature during 
the boll filling period of crop development 
measurements from sowing time experiments 
were utilised. These studies were grown with full 
nutrition and water requirements with sowing 
time, season, and location, all contributing to 
differences in temperature experienced by the crop 
during boll filling. Details of each experiment are 
presented in Table 1.
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For each treatment of each experiment, daily 
average and minimum temperature during boll 
development were derived using the methodology 
described above. For the Narrabri location, climate 
data was obtained using records from the Australian 
Cotton Research Institute. For other locations, 
climate data was obtained from records from the 
nearest major town to the experiment site using the 
SILO patched point dataset (Jeffrey et al., 2001) 
that uses Australian Bureau of Meteorology official 
weather stations. Where experiments recorded the 
date on which first flower occurred, this information 
was used to initiate the time when temperature was 
estimated, otherwise timing of first flower was 
predicted, as described above.

Micronaire for each sowing treatment (averaged 
across cultivars) for each experiment was then 
regressed with the derived daily average and 
minimum temperature. Regression analysis was used 

to fit both linear and quadratic functions (Sigma Plot 
ver. 11, Systat Software, Inc., San Jose, California). 
Relative improvement of the quadratic response 
over the linear response was tested using F-tests 
based on residual means squares (RMS) accounting 
for differences in the function’s degrees of freedom 
(Cousens, 1985).

Predicting micronaire from temperature. For 
validation purposes micronaire was compiled for a 
number of commercial cultivars grown in cultivar 
evaluation studies undertaken by Cotton Seed 
Distributors (CSD). The cultivars were grown across 
a range of sites in existing cotton regions in Australia 
from southern New South Wales (NSW) to central 
Queensland (Qld) in crops sown from 2000 to 2007.

Micronaire from four CSIRO cultivars was 
compiled; Sicot 71, Sicot 71B, Sicot 71BR, and 
Sicot 71 BRF. These were chosen because they were 
the most widely grown commercially across regions 

Table 1. Details of sowing time experiments used to generate the responses of micronaire to temperature. Origin of all 
cultivars are from CSIRO† Australia unless specified. Average cultivar micronaire values were measured by CSIRO’s cotton 
breeding program long term dataset. With the exception of the study by Constable et al. where micronaire was measured 
using an areolometer, all other micronaire measurements were measured using a High Volume Instrument (HVI). The 
highest and lowest daily average minimum and maximum temperatures recorded for each experiment are also shown. 
These temperatures were estimated using the approach proposed in this paper. 

Year  
Sown Location Sowing dates Cultivars

First  
Flower 

Measured
Published

Average  
Min. 

Temperature  
(˚C)

Average  
Max. 

Temperature  
(˚C)

Average 
Cultivar 

Micronaire

1969
1971
1972

Narrabri
Sep. 30, Oct. 10, 
Oct. 20, Oct. 30, 
Nov. 10, Nov. 20, 
Nov. 30

DP Smoothleaf 
(Deltapine USA),
Short Sympodial 

No Constable et al. 
(1976) (1)‡

13.4
13.4
17.5

32.6
30.1
32.8

3.95

2002 Narrabri 24 Sep., 15 Oct., 
11 Nov.

Sicot 189
Sicot 289B Yes Bange et al.  

(2008) (2) 17.8 36.4 4.19
4.49

2002 Hillston 27 Sep., 24 Oct., 
27 Nov.

Sicala S40i
Siokra V-16i No Bange et al.  

(2004) (3) 15.0 34.9 4.16
3.97

2002 Breeza 25 Sep., 16 Oct., 
18 Nov.

Siokra S101i
Sicala V3i Yes Unpublished (4) 12.6 33.5 3.97

3.98
2003 Narrabri 13 Oct., 5 Nov., 

28 Nov.
Sicot 189R
Sicot 289BR Yes Bange et al.  

(2008) (5) 15.7 34.9 4.04
4.29

2003 Breeza 26 Sep., 14 Oct., 
4 Nov.

Sicala 43
Sicala 43B No Unpublished (6) 17.8 32.9 4.26

4.30
2004 Narrabri 6 Oct., 22 Oct., 28 

Nov.
Sicot 189R
Sicot 289BR Yes Bange et al.  

(2008) (7) 17.9 34.1 4.04
4.29

2004 Breeza 28 Sep., 14 Oct., 
27 Oct.

Sicala V3BR
Sicala 60BR Yes Unpublished (8) 14.5 33.8 4.16

4.47

2007 Narrabri 16 Oct., 13 Nov.
Sicot 71BR
Sicot 70BRF
Sicot F1BRF

Yes Unpublished (9) 12.9 30.4
4.50
4.13
4.37

2008 Narrabri 16 Oct., 14 Nov.
Sicot 71BR
Sicot 70BRF
Sicot F1BRF

Yes Unpublished (10) 15.7 32.8
4.50
4.13
4.37

†	CSIRO (Commonwealth Scientific and Industrial Research Organisation Australia).
‡	Number in parenthesis specifies the dataset label used in the micronaire versus temperature responses in Fig. 1.
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For each cultivar grown at each site and every year, 
temperature during boll development was calculated 
using the approach for temperature estimation 
described previously. Climate data was again obtained 
from the SILO patched point dataset (Jeffrey et al., 
2001) for the nearest major weather station (< 50 km). 

and years. The average micronaire of these cultivars 
obtained from the CSIRO’s cotton breeding program 
long-term dataset were: 4.25 for Sicot 71; 4.38 for 
Sicot 71B; 4.5 for Sicot 71BR; and 4.13 for Sicot 
71BRF. Details of cultivar evaluation data used are 
presented in Table 2.

Table 2. Details of information used for micronaire prediction validation from Cotton Seed Distributors (CSD) (Wee Waa, 
NSW, Australia) cultivar evaluation sites. The range of years in which the cultivar evaluation was conducted and number 
of sites (in brackets) is shown under respective cultivars. For example 01-05(5) means that the cultivar was evaluated 
between 2001 and 2005 at five sites in the location specified.

Location State Latitude / Longitude
Cultivar

Sicot 71 Sicot 71B Sicot 71BR Sicot 71BRF
Emerald Qld 148.2/ -23.5 01-05(5) 05-07(5) 03-07(8) 07(2)

Moura Qld 150.0/ -24.6 05-06(2) 06(1)

Theodore Qld 150.1/ -25.0 02-03(2) 07(1) 04-07(6) 07(2)

Byee Qld 151.8/ -26.2 04-05(2)

Murgon Qld 151.9/ -26.2 05(1)

Macalister Qld 151.1/ -27.0 07(1) 04-07(4) 07(2)

Dalby Qld 151.3/ -27.2 00-04(5) 06-07(2) 04-07(3) 07(2)

Cecil Plains Qld 151.2/ -27.5 06-07(2) 07(1)

Bongeen Qld 151.4/ -27.6 07(1)

Brookstead Qld 151.4/ -27.8 01-02(3) 05(1) 06-07(2) 07(1)

St George Qld 148.6/ -28.0 00-06(7) 06-07(2) 03-07(8) 07(2)

Toobeah Qld 149.9/ -28.4 07(1)

Dirranbandi Qld 148.2/ -28.6 00-03(3) 05(1) 04-06(2)

Goondiwindi Qld 150.3/ -28.6 00-06(10) 07(1)

Boggabilla NSW 150.4/ -28.6 05-07(2) 04-07(5) 07(1)

Mungindi NSW 149.0/ -29.0 01-07(5) 05-06(2) 03-06(6) 07(1)

Collarenebri NSW 148.6/ -29.5 06(1) 05(1)

Moree NSW 149.8/ -29.5 00-06(12) 05(4) 03-07(13) 06-07(6)

Walgett NSW 148.1/ -30.0 01-04(3) 04-06(4)

Bourke NSW 145.9/ -30.1 00-04(3) 03-05(4)

Wee Waa NSW 149.4/ -30.2 01-07(5) 05(1) 03-07(7) 07(2)

Narrabri NSW 149.8/ -30.3 00-01(3) 03-06(3) 07(1)

Boggabri NSW 150.0/ -30.7 05-07(2) 03-07(5) 07(1)

Gunnedah NSW 150.3/ -31.0 01-04(4)

Breeza NSW 150.5/ -31.2 01-03(3) 02-07(7) 07(2)

Warren NSW 147.8/ -31.7 01-05(4) 04-06(4)

Trangie NSW 148.0/ -32.0 04-06(4) 07(1)

Narromine NSW 148.2/ -32.2 01-03(3) 03-05(2)

Menindee NSW 142.4/ -32.4 01-05(3) 05(1) 04-05(2)

Hillston NSW 145.5/ -33.5 01-07(7) 04-07(7) 07(2)

Hay NSW 144.9/ -34.5 04-05(2)
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Sowing time of the CSD cultivar evaluation studies was 
the only variable needed to predict daily average and 
minimum temperatures. These temperatures were then 
used to estimate micronaire from the linear responses of 
micronaire to daily average and minimum temperatures.

To assess the performance of this approach 
to predict micronaire, predicted micronaire was 
plotted against the measured (observed) micronaire. 
Accuracy of predictions was quantified using the root 
mean square deviation (RMSD) between a number 
(n) of predicted (P) and observed (O) paired results:

( )[ ] 5.02 / nPORMSD −∑=  (Steele and Torrie, 1987)
RMSD represents a mean weighted difference 

between predicted and observed data. The linear 
regression of predicted versus observed values was used 
to quantify bias and the coefficient of determination (r2) 
of this regression described the degree to which the 
data clustered around a straight line. Linear regression 
analyses were conducted using Sigma Plot (ver. 11, 
Systat Software, Inc., San Jose, California).

In an attempt to improve accuracy of prediction, 
inherent differences in micronaire (Micadj) of the 
cultivars were considered. Predicted micronaire 
was adjusted using the using the weighted average 
(micronaire 4.4) of the cultivars used to generate the 
micronaire versus temperature responses (Table 1), 
and the average micronaire of cultivars (Miccuv) used 
in the validation:

( )cuvpredadj MicMicMic −−= 4.4 	

where Micpred is the predicted micronaire unadjusted 
for cultivar differences. The performance of this 
adjustment was assessed similar to micronaire 
predictions unadjusted for cultivar.

RESULTS AND DISCUSSION

Response of micronaire to temperature. 
Despite differences in cultivars that spanned 
three decades, micronaire was strongly related to 
average temperature that was estimated using the 
methodology detailed in this paper. Both the average 
of the daily minimum and average temperatures 
experienced during the period of fiber thickening 
contributing to final micronaire were similar 
in explaining changes in micronaire across all 
sowing times (r2 = 0.68; Table 3; Fig. 1). The use 
of quadratic functions slightly improved r2, but the 
improvement was not significant (P < 0.05) (Table 
3). All experiments fitted the same regression.

Table 3. Results of regression analyses of micronaire 
versus daily average temperature and daily minimum 
temperature averaged for the estimated period of fiber 
thickening. Data used in this analysis is detailed in Table 
1. Linear (y = bx + c) and quadratic regressions (y = ax2 + 
bx + c) were tested for each variable. All regressions were 
highly significant (P < 0.001, n = 46). RMS – Residual Mean 
Squares for the fitted models.

Regression type and 
variable tested r2 a b c RMS

Linear -Average  
daily temperature 0.68 - 0.19 -0.53 0.0722

Quadratic - Average 
daily temperature 0.69 0.81 -0.01 -7.99 0.0699

Linear - Minimum  
daily temperature 0.68 - 0.16 1.29 0.0726

Quadratic - Minimum 
daily temperature 0.70 0.48 -0.009 -1.40 0.0696
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Fig. 1. The response of micronaire measured in sowing time 
studies to (a) daily average temperature and (b) daily 
minimum temperature during boll filling. Daily average and 
minimum temperatures were estimated using the approach 
proposed in this paper. Datasets are defined in Table 1.



169BANGE ET AL.: ESTIMATING TEMPERATURE EFFECTS ON MICRONAIRE

Linear responses of micronaire to temperature 
have been previously reported (Gipson and 
Joham, 1968; Gipson and Ray, 1970) along with 
quadratic responses (Hesketh and Low, 1968; 
Wanjura and Baker, 1985). Reddy et al. (1999) 
had a linear increase in micronaire to daily 
average of 30.3°C and a linear decline after this 
temperature. In this study no significant decline 
in micronaire was measured when daily average 
temperature was 28.8°C and daily minimum 
was 22.7°C. While Wanjura and Baker (1985) 
used a quadratic response of micronaire to daily 
average temperature during boll development, 
their response showed no substantial decline in 
micronaire at 26.6°C. Hesketh and Low (1968) 
and Reddy et al. (1999) measured significant 
reductions in micronaire at daily average 
temperatures during boll filling of 33.5 and 32.3°C 
respectively. In studies on temperature effects on 
fiber development in cultured ovules Roberts et 
al. (1992) found no decline in cellulose synthesis 
with daily temperatures up to 34.0°C.

For micronaire measurements recorded at low 
temperatures, only studies of Gipson and Joham 
(1968) (minimum night 8.1°C) and Gipson and Ray 
(1970) (minimum night 11°C) had lower temperature 
treatments than those recorded in this study (daily 
minimum 12.6°C). It is most likely that with more 
data collected at higher and lower daily average 
temperatures, the response presented here (Fig. 1) 
would also be curvilinear.

The degree of change in micronaire with daily 
minimum temperature in this study (slope 0.16 
micronaire units/oC) was greater than measured by 
Gipson and Joham (1968) using night temperature. 
For average daily temperature the slope of the 
response (0.19) was less than that measured by 
Wanjura and Baker (1985) (slope 0.41 to 0.56) and 
similar to that of Reddy et al. (1999) (slope 0.21). 
Variations in these responses are expected as these 
studies differed in the way developing bolls were 
exposed to temperature regimes, and how final 
micronaire values were measured.

This study used daily average and minimum 
temperatures resulting from changes in sowing 
time in each experiment, which were applied to 
micronaire measurements resulting from all bolls 
harvested from the crop at the end of the season. 
Controlled environment studies that investigated 
temperature impacts on micronaire (Gipson and 
Joham, 1968; Hesketh and Low, 1968; Gipson and 

Ray, 1970) maintained minimum and maximum 
temperatures for longer periods throughout the 
day using square diurnal temperature control. 
Therefore impacts of higher and lower temperature 
extremes on micronaire may be greater resulting 
in temperature responses having lower slopes 
or being less responsive to temperature changes. 
In the Wanjura and Baker (1985) study, daily 
average temperature for individual cultivars were 
derived from 10 cohorts of bolls tagged over the 
duration of crop development. It would therefore 
be expected that a greater range of temperatures 
would be recorded during boll development and that 
the range and differences in micronaire would be 
larger resulting in more sensitive (greater slopes) 
micronaire versus temperature responses.

Predicting micronaire from temperature. 
Despite taking no account for other factors that 
influence micronaire (Constable and Bange, 2007), 
the methodology that estimated temperature 
proposed in this study coupled with the micronaire 
and temperature responses developed (Table 3) 
were able to predict micronaire well, both on a 
regionally and temporally diverse dataset (Table 4, 
Fig. 2) (r2 0.33 to 0.42). Comparing the ability of 
daily average and minimum temperature responses 
to predict micronaire of the CSD data, they were 
similar in r2, while the daily average temperature 
response had less bias across the micronaire 
predicted (slope closer to unity). The minimum 
temperature response did however, slightly increase 
RMSD by 0.08.

Table 4. The regression coefficient (slope), the coefficient 
of determination (r2), intercept, and RMSD (root mean 
square deviation) for predicted versus observed data for 
micronaire using average daily and minimum temperature 
for the estimated period of fiber thickening using Cotton 
Seed Distributor’s (CSD) dataset. Table includes analysis 
of predicted micronaire adjusted for individual cultivar 
differences. (n = 270).

Analysis Slope Intercept r2 RMSD

Unadjusted for cultivar
Average 
temperature 0.74 1.27 0.34 0.42

Minimum 
temperature 0.61 1.90 0.33 0.34

Adjusted for cultivar
Average 
temperature 0.90 0.79 0.41 0.53

Minimum 
temperature 0.77 1.32 0.42 0.46
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An adjustment in micronaire prediction to 
account for inherent cultivar differences reduced the 
bias and improved r2 but RMSD was only slightly 
increased by 0.1 over the unadjusted prediction 
(Table 4, Fig. 2). This result was not unexpected 
given the limited range of inherent micronaire (Table 
1) of the cultivars used for validation (range 0.12).

Considering the reasonable ability to predict 
micronaire, we see good opportunities to utilise this 
approach with confidence to explain or predict the 
effects of seasonal temperature on micronaire of crops. 

However, some issues would need consideration 
before applying this approach more broadly. In 
addition to extending the temperature range of the 
micronaire to temperature response mentioned 
previously, it would include the need for assessing 
cultivars that have considerably higher and lower 
inherent micronaire than those used in this study. The 
inherent micronaire difference of cultivars used was 
narrow (range 0.55) (Table 1). To improve predictions 
overall, ongoing research is extending the approach 
presented here to target the period of micronaire 
development to capture the combined effects of water 
stress, changes in boll load, and temperature.

Application of methodology. Utilising historical 
climate data, this approach has been used in the 
Australian cotton industry to assess reasons for seasonal 
and regional differences in micronaire and assess 
opportunities to improve micronaire with changes in 
sowing time (e.g. Fig. 3) (Kelly et al., 2006; 2008). 
These data demonstrate the importance of avoiding low 
micronaire as a result of late sowing and also indicates 
the frequency of high micronaire, which needs to 
be addressed by crop management and by breeding 
cultivars with lower linear density. This methodology 
will also be able to predict the whole of seasonal effects 
on micronaire at the time of harvest aid application 
and so assist in determining the risks and costs of 
earlier applications (Wanjura and Newton, 1981). The 
opportunity also exists to conduct research to predict the 
components of micronaire (linear density and maturity), 
which may assist in understanding the impact of climate 
on fiber quality and resulting textile performance.

Fig. 2. Predicted micronaire versus observed micronaire for the 
fiber thickening period using Cotton Seed Distributor’s (CSD) 
dataset: (a) micronaire estimated using the linear response of 
micronaire to daily average temperature (Table 3) un-adjusted 
for cultivar differences; (b) micronaire estimated using the 
same response adjusted for cultivar differences. Solid line is 
the line of best fit. Dashed line is the 1:1 line. (n = 270).
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Fig. 3. An example of the use of micronaire predictive 
capability detailed in this paper to assess the impact on 
sowing time for Narrabri, NSW, Australia. The micronaire 
prediction uses the daily average temperature. The median 
and percentiles are calculated from micronaire predictions 
for 120 years of temperature data.
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CONCLUSION

This study proposed methodology to predict the 
impacts of temperature on micronaire of cotton crops. 
This understanding coupled with knowledge of the 
degree of the effects of radiation, plant defoliation, 
and competition from bolls for carbohydrate 
within the plant will improve predictions as well 
as developing management practices to optimise 
micronaire.
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Cotton fibers are single-celled trichomes that develop from
the epidermis cells on the outer integument of cotton seeds
(ovules). Initiation of fiber growth occurs at about anthesis
(flowering), following which fiber initials spherically
expand above the epidermal surface. Growth of the cotton
fiber is continuous and extends for 40 to 60 days postanthe-
sis (dpa) in a series of overlapping phases [1], including a

cell elongation phase until 20 to 30 dpa, and a secondary
cell wall thickening phase which dominates fiber growth
until fruit maturation [2–6]. This secondary cell wall devel-
opment consists of the deposition of cellulose in a series of

Abstract Cotton fibers are trichome cells com-
posed primarily of cellulose. Mature fibers have
more cellulose and a greater degree of cell wall
thickening, and perform better than less mature
fibers during textile processing. An automated
polarized light microscope instrument called Siro-
Mat that measures cotton fiber cell wall thickening
was employed to assess the maturity of developing
fibers from single cotton fruit. Fruit were taken
from the first fruiting branch and position on glass-
house grown Gossypium hirsutum L. (Upland) and
G. barbadense L. (Pima) plants, sequentially har-
vested from 24 days postanthesis (dpa) at approxi-
mately four-day intervals up until approximately
50 dpa. The instrument assessed an average of
13,000 fiber snippets per fruit. Upland fibers
matured at a slower rate than Pima fibers up to 35
dpa. However, after 45 dpa Upland fibers had
achieved a higher average maturity (i.e. 0.99 bire-
fringence maturity index (BMI), cf. 0.79 for Pima).
For both species the uniformity of fiber maturity
increased as fibers matured up until 35 dpa for
Upland and 29 dpa for Pima (i.e. the BMI coeffi-
cient of variation decreased as BMI increased dur-
ing fruit development). It is envisaged that SiroMat
will be a useful tool in helping to understand and
manage fiber maturity by characterizing the matu-
ration dynamics of cultivars with different inherent
fiber properties, and for cultivars subjected to dif-
ferent environmental and agronomic conditions.

Key words cotton fiber maturity, cellulose, cell
wall thickening, fruit development
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concentric growth rings or lamellae that reflect circadian
rhythms during development [7,8]. Both the elongation
and thickening phases are influenced by environmental con-
ditions such as temperature [9] and incident solar radiation
[10]. At maturation the cotton fiber remains hollow as a
result of the remnant cell protoplasm, which is referred to as
the lumen.

Maturity is a term used to describe the degree of cell
wall thickening relative to fiber perimeter, which is an
important property that affects the textile performance of
cotton fibers. Immature fiber, that is fiber with little or no
cell wall thickening, is less rigid, making it prone to nep for-
mation during mechanical processing. Neps are unsightly
fiber entanglements that diminish the value of both raw
cotton and finished cotton products; the flat immature fib-
ers in neps also reflect light differently. In addition, imma-
ture fibers do not take up as much dye as mature fibers
because the undeveloped cell wall has less cellulose to
which dye molecules can bond [11]. As a result dyed yarn
and fabric made from immature fiber will appear lighter
against yarn and fabric made from more mature fiber.

Understanding the development of the fiber cell wall
with respect to plant genotype and environment is there-
fore important in mitigating these issues. Furthermore,
because fibers do not all develop in the same way, consid-
erable dispersion about the mean degree of cell wall thick-
ening is found. Being able to quantify the spread and shape
of this dispersion is of value in managing problems associ-
ated with fiber consistency. Ideally cotton fibers need to be
mature and as uniformly mature as possible. This idea is
analogous to HVI fiber length uniformity, which is the
ratio of the mean fiber length to the upper-half mean fiber
length. Fiber with higher length uniformity is more consist-
ent and is more desirable for textile processing [12,13].

The degree of cell wall thickening, denoted by θ, is
quantified as the ratio of the cross-sectional area of the

fiber wall (Aw) to the area of a circle with the same perime-
ter (P) as the fiber cross section (Equation (1)). Figure 1
shows these measurements on immature and mature cot-
ton fiber cross-sections. Although determining θ directly
from cross-sections is theoretically the most accurate
approach of measuring fiber maturity and is well accepted
as such [14–16], the measure suffers from significant exper-
imental error due to the fine detail involved in preparing
fibers for measurement and the limited number of fibers
that can be practically measured:

θ = 4πAw/P2 (1)

Previous cotton fruit phenology studies have included the
measurement of fiber crystallinity [17,18], the biochemical
composition of the cell wall [5], the surface chemistry of
fibers [19], fiber weight per seed and fiber length [3,4,20].
Such reports typically examined both common commercial
Upland cotton (Gossypium hirsutum L.) and the less com-
mon and lower yielding but premium quality Pima-type
cotton (G. barbadense L.). Few reports have measured the
development of cotton cell wall thickening. Seagull et al.
[21] reported changes in fiber diameter and relative bire-
fringency from 5 to 50 dpa, although there was no measure
specifically of relative fiber maturity. Bradow et al. [22]
employed the Uster Technologies Advanced Fiber Infor-
mation System (AFIS) to measure fiber maturity proper-
ties (cross-sectional area and circularity) for developing
Upland and Pima fruit from 21 to 56 dpa. They reported
comparisons between AFIS maturity and fiber “physio-
chemical maturity” as determined with calcium x-ray fluo-
rescence spectroscopy.

Currently the only routine methods of determining cot-
ton fiber maturity are via instruments such as the “Fine-
ness and Maturity Tester” (FMT) instruments (e.g. as
originally produced by the Shirley Institute), and via the

Figure 1 Cross-sections of (a)
immature and (b) mature cotton
fibers showing the measurements
required to calculate the degree of
cell wall thickening.
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AFIS instrument. FMT instruments measure air-flow
through a 4 g plug of fibers at two compressions, giving an
average reading of maturity for a given sample. The AFIS
instrument requires a 0.5 g sample prepared into a 25 cm-
long sliver, and the maturity test is based on measuring an
electro-optical signal as individualized fibers are conveyed
by air through a light beam. Data for individual fibers or
fiber segments are collected, and in addition to an average
fiber maturity result, the AFIS also provides a measure-
ment called the Immature Fiber Fraction, which attempts
to quantify the fraction of immature fiber with a θ value
less than 0.25. Both technologies require the sample to be
temperature and humidity-conditioned prior to testing.

This study employs another approach to measuring cot-
ton fiber maturity via the SiroMat instrument, a polarized
light microscope-based technology recently developed by
the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) [23]. SiroMat measures the matu-
rity for several tens of thousands of cotton fiber snippets
from a (smaller) sample of approximately 5 mg. In so doing
the instrument quantifies a frequency distribution of a
sample, thus not only giving an average maturity reading,
but also detailing the variability or dispersion statistics of
the distribution. The aim of this work was to investigate the
maturity of cotton fibers from individual fruit of different
developmental ages for an Upland cultivar and a Pima culti-
var. It is envisaged that SiroMat will be a useful tool in help-
ing to characterize the maturity dynamics of cultivars with
different fiber properties, and for cultivars subjected to vary-
ing environmental and production conditions, with the
intention of maximizing fiber maturity as well as improving
the consistency of fiber maturity.

Materials and Methods

Measuring Fiber Maturity – SiroMat 
Instrument
The SiroMat is based on polarized light microscopy, a
technique that has long been used to investigate fibers that
exhibit birefringent properties, i.e. fibers that behave like
uni-axial optical crystals. The optical axis in birefringent
fibers is usually parallel to the fiber axis with the refractive
index being dependent upon the plane of polarization of the
incident light. When plane-polarized light is transmitted
through a birefringent object, the light ray is split into two
mutually perpendicular vibrating fast and slow rays, which
propagate through the object at two different speeds. Upon
emerging from the object, a phase difference occurs between
the fast and slow rays. When recombined into a single ray by
passage through a second polarizer (analyzer) the rays
interfere with each other, which in turn creates different
interference colors that highlight the crystalline oriented
aspects of the specimen [24].

The interference colors assumed by cotton fibers under
crossed polars are the result of the optical phenomena
described above and have been related to measures of rela-
tive fiber maturity by Schwarz and Hotte [25] and Grimes
[26]. The disadvantage of the test, however, is that the opera-
tor must make an arbitrary assessment of the colors assumed
by the fibers. It is this subjective decision by the operator that
contributes to large discrepancies in the results from differ-
ent laboratories. The ASTM Standard Test Method for
Maturity of Cotton Fibers (Sodium Hydroxide Swelling and
Polarized Light Procedures) [27] for measuring fiber matu-
rity by polarized light microscopy in fact warns against using
the method for acceptance testing because of poor precision.
Furthermore, the test is too slow for routine test applications,
both in terms of specimen preparation and test time.

SiroMat overcomes these issues by using a color CCD
camera, an automated XY microscope stage and image
analysis software to automatically scan, digitize and ana-
lyze fibers on the basis of their interference colors. The
automation means that the selection of fibers and interpre-
tation of their color is no longer subject to operator inter-
pretation [23].

The maturity of fibers viewed under polarized light
microscopy is indicated by their yellow and green color
[25–27]. Previous work presented by Gordon and Phair
[23] showed the percent yellow area of fibers measured
under a prototype SiroMat was significantly more related
to the θ value of cotton fibers than to absolute cross-sec-
tional wall area or wall thickness.

Figure 2 shows a typical field-of-view (fov) analyzed by
SiroMat. SiroMat automatically captures and analyzes cot-
ton fiber snippet images in 36 fov; each fov measures
3.46 mm × 2.60 mm. The percent area color measurement
is determined using a series of standard image analysis

Figure 2 SiroMat field of view (3.46 × 2.60 mm2) of cotton
fibers of normal maturity. Thirty-six field of view images
are acquired and compiled per instrument replicate.
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functions starting with edge detection to find the bounda-
ries of fibers, followed by image dilation to join small dis-
connected pieces (pixels) together. The image is then
converted to a binary image based on a grey-scale threshold,
and the resultant image is used as a mask to select the fiber
area from the background.

Following creation of the mask the image is broken up
into fiber sections according to image cross-over points. To
do this the mask image is skeletonized to reveal branch
points, which are used to segregate and label fiber sections.
The image at this point is a mask with a number of labeled
segments, each segment containing a portion of a single
fiber snippet. A background correction and normalization
is applied to the original color image before the proportion
of pixels in each color threshold bin, i.e. yellow, red, green
and blue, is counted for each segment in the mask. Color
threshold levels are set according to a digital color space
model, which defines changes in hue according to numeri-
cal segments between the values of 0 and 255. A multiple
linear regression equation (Equation (2)) is used to con-
vert the percent area of yellow and green colors in the fiber
snippet images to their respective fiber maturity values
(termed the birefringence maturity index (BMI)).

Maturity ratio as described by Peirce and Lord [28] and
used in the ASTM Standard Test Method for Maturity of
Cotton Fibers [27], is a widely used fiber maturity scale.
The ratio is linearly related to θ according to Equation (3).
Fiber BMI for the version of SiroMat used in this study is
scaled using FMT maturity ratio values measured on a set
of 56 international and Australian cottons (mean maturity
ratio = 0.78, SD = 0.07); the linear relationship between
actual FMT maturity ratio values and predicted BMI val-
ues via SiroMat (Equation (2)) is significant (R2 = 0.74, P
< 0.001). Work on the development of a conversion equa-
tion using the 104 International Textile Center maturity
reference cottons [16] is continuing:

BMI = 2.454Y – 1.078G – 0.332 (2)

Maturity ratio = θ/0.577 (3)

where Y and G are the proportional areas of yellow and
green respectively in the fiber snippet image(s) captured by
SiroMat.

As well as calculating an average maturity result, the
SiroMat instrument also gives the related dispersion statis-
tics (i.e. standard deviation, skew and a frequency histo-
gram of BMI) for each sample. The benefits of using
SiroMat in this application relate to the ease of preparing
and measuring small (circa 5 mg) specimens of fiber such
as small amounts of hand-ginned material from single fruit.
Another advantage is that the specimen does not need to
be dried or conditioned for a weight-based measurement,
as is required, for example, for air-flow (FMT) measure-
ments of fiber maturity.

Glasshouse Experiment
G. hirsutum L. (Sicot 71BR, CSIRO Australia) and G. bar-
badense L. (Sipima 280, CSIRO Australia) plants were
grown in a glasshouse located at the Australian Cotton
Research Institute at Narrabri (30.3°S, 149.8°E). Seeds
were sown at 30 mm depth into 9 L, 250 mm diameter,
draining pots containing grey-clay soil (vertosol). One
plant was grown per pot, with pots randomly positioned to
ensure that both species were grown under similar condi-
tions. Irrigation was via a dripper system which delivered
150 mL twice a day to each pot. Mineral nutrition was via
an all-purpose fertilizer (NPK, 15.0 : 13.1 : 12.4 plus trace
elements) delivered every two weeks at a rate of 1.25 mL/L
to ensure non-limiting conditions.

The first-position flowers on the first flowering branch
were tagged at anthesis. Fruit harvest commenced at 7 dpa,
and continued at approximately four-day intervals until
fruit were mature and the carpels were starting to open.
Three fruit (from three plants) were collected per time
treatment; of these, one fruit was randomly selected for
fiber maturity analysis. Although plants that had fruit
removed were no longer used in the experiment they
remained in position to limit differences in effects between
plants. Following harvest all fruit were frozen (at –3 to –5°C)
for storage.

Measuring Fiber Maturity using SiroMat
Fruit selected for maturity testing were defrosted at ambi-
ent laboratory conditions. Fruit were opened with a razor
blade and the seeds and fibers were separated from the
carpels. Four or five seeds were randomly selected from
the center of each fruit for fiber analysis. Fibers in young
fruit were packed tightly together and bound by a mucilag-
inous matrix when they dried out. To break down this
matrix and to help individualize fibers, the seeds and lint
were boiled for 2 min in 1M HCl, and then immersed in
ambient reverse osmosis water for approximately 1 min to
wash and cool material, as adapted from [21]. Seeds with
fibers attached were drained and stored in plastic Petri
dishes and refrigerated at 4°C until SiroMat analysis.

Dried fiber specimens (still attached to the seed) were
gently combed using combs from a ‘Shirley’ Comb Sorter
to align and separate fibers before cutting. Fibers on less
mature ovules were aligned whilst still wet and then further
combed when dried. Combed fibers still attached to the
seed were cut at their mid-section using a purpose built
guillotine with a blade width of 1 mm.

Collected fiber snippets were spread in an annular pat-
tern on 50 mm × 70 mm glass slides using an OFDATM

fiber spreader (BSC Electronics). A clean 50 × 70 mm2

slide was used to cover the specimen. Castor oil (refractive
index = 1.477 – 1.481) was used as the mounting medium
to enhance the contrast of the fiber snippets to their back-
ground. Preparing the SiroMat instrument involved adjust-
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ing the digital camera settings (U balance, V balance and
shutter speed) and the microscope lamp intensity to match
a prescribed background (magenta) color in terms of red,
green and blue ratios. Background colors were also
checked at regular intervals during testing to minimize
drift in the color temperature of the microscope lamp. Two
slides were prepared and tested per fruit. Samples from
fruit younger than 24 dpa were not suitable for SiroMat
analysis because fibers from these samples were still bound
together.

Curve Fitting
The relationship between BMI and fruit age (dpa) was
quantified by a three parameter sigmoidal model gener-
ated using Sigma Plot 10:

Y = a/(1 + exp(–(X – x0)/b)) (4)

where Y is BMI and X is fruit age (dpa).

Results and Discussion

Fiber Preparation
The method of fiber extraction inadequately prepared fib-
ers from fruit younger than 24 dpa. Although the fibers
were boiled for a short time to aid in dissolving the muci-
laginous matrix (or matrix polysaccharides, recently
described as the cotton fiber middle lamella [29]), our

method was insufficient and fibers could not be singled out
at this young stage. Seagull et al. [21] succeeded in individ-
ualizing fibers as early as 5 dpa, but the number of fibers
they assessed was small (circa 50); it is assumed that con-
siderable manual individualization following their boiling
treatment would have been practical for this small number.
In our case an average of approximately 13,000 fiber snip-
pets were assessed per fruit, ruling out any manual manip-
ulation of bound or semi-bound fibers. Indeed, other
published work reporting single fiber measurements did
not report data for fibers younger than about 15 to 20 dpa
[14,22,30], presumably because of the challenge in individ-
ualizing fibers from younger fruit.

Fiber Maturity Development
For both the Upland cultivar and the Pima cultivar, cell
wall development curves were explained by sigmoidal func-
tions (Figure 3), although it is acknowledged that being
able to measure the BMI for fibers from fruit younger than
24 dpa may have allowed a stronger “S” shape to have
been characterized, particularly for Pima. Nevertheless,
sigmoidal curves were expected and were in harmony with
other cotton fruit developmental work characterizing
parameters indexing fiber maturity such as fiber weight per
length [3] and the amount of cellulose per fiber length [5].

The progression in BMI for the two cotton cultivars
over the measurement period was different. The Pima cul-
tivar fibers appeared to mature more quickly, with fiber
BMI reaching a plateau at about 37 dpa; the Upland culti-
var fibers continued to mature until 45 dpa (Figure 3).
Although Pima matured earlier, Upland fibers were ulti-

Figure 3 Cotton fiber birefringence
maturity index for first position fruit
from glasshouse grown Upland (●)
and Pima (o) plants. Values are
mean ± standard deviation of two
SiroMat measurements taken on
each fruit.
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mately more mature, i.e. Upland fibers at 44 dpa had a
BMI of 0.99 whilst Pima fibers at 48 dpa had a BMI of 0.79
(Figure 3). Seagull et al. [21] reported a similar trend, and
showed that the birefringence of developing Pima fibers
plateaued earlier compared with Upland fibers; at full
maturity two of the three Upland cultivars assessed dis-
played higher birefringence values than Pima. It is con-
ceded that these differences may well be related to cultivar
and are not a definitive explanation of the general fiber
maturity dynamics for G. hirsutum L. and G. barbadense L.
species. Indeed, work by Bradow et al. [22] showed no dis-
tinct differences in the shape of development curves of

fiber maturity (circularity, θ) for developing Upland and
Pima fruit, although their work did show that Upland fib-
ers were more mature than Pima fibers. A higher maturity
in Upland compared with Pima presents an opportunity to
potentially improve the maturity of Pima cotton.

Fiber Maturity Dispersion
The distribution of fiber maturity for the earliest and latest
harvested fruit for both species is displayed in Figure 4.
The range of BMI values in these plots reflects the regres-
sion Equation (2) algorithm used to convert the proportion

Figure 4 Frequency histogram of
cotton birefringence maturity index
for (a) Upland fruit harvested at 24
dpa (grey box) and 44 dpa (open
box), and for (b) Pima fruit har-
vested at 24 dpa (grey box) and 48
dpa (open box).
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of yellow and green colors into BMI values. According to
this equation a range of BMI values from –1.4 to 2.1 is pos-
sible, e.g. when Y = 0 and G = 1 or Y = 1 and G = 0,
although exclusion of measurements with 0 and very small
color areas means the calculated range is reduced to a
range between –1.2 and 2.0. The theoretical range of matu-
rity ratio values is from 0.2 to 1.2; however, as already
noted, it is difficult to measure maturity on very immature
fiber specimens, so the actual range may not have been
fully revealed in previous studies. It is intended that future
calibrations for SiroMat will ensure that BMI better repre-
sents maturity ratio.

Figure 5 summarizes the dispersion measured as the
standard deviation and skew of the maturity distribution

for each cotton sample. These values are common to the
average BMI values plotted in Figure 3. As fiber for both
species increased in maturity, the skew of BMI became
negative, and the standard deviation of BMI decreased
(Figure 5). This negative relationship between average
maturity and these two measures of dispersion has been
found in other SiroMat sample sets tested to date [31,32].
There were no distinct differences between the two culti-
vars for trends of these dispersion statistics during fruit
development. However, in order to compare the amount of
error associated with the changing mean BMI values, a
coefficient of variation was calculated to provide clearer
information about the uniformity or consistency of matu-
rity for each sample:

Figure 5 Skew and standard devi-
ation of cotton fiber birefringence
maturity index of first position fruit
from glasshouse grown Upland
(●) and Pima (o) plants. Data
common to Figure 2.
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= BMI coefficient of variation 
= standard deviation of BMI/mean BMI (5)

Pima fibers were more uniform in younger fruit and
reached a plateau below 1 BMI coefficient of variation unit
at about 29 dpa (Figure 6). Both Upland and Pima fibers
had similar maturity uniformity by 35 dpa, and although
Upland fibers continued to mature the uniformity of fiber
maturity did not appear to markedly improve (Figure 6).

Fiber that has a narrower, more uniform distribution is
more consistent and desirable for textile processing. The
SiroMat instrument could be used at the breeding level to
evaluate lines of interest to screen for high maturity and
maturity uniformity. Likewise, in developing management
strategies to optimize fiber quality SiroMat information
would assist with the detailed assessment of results of dif-
ferent treatments. It would be of interest to compare the
textile performance of fiber with similar maturity but with
a range of maturity distributions.

Conclusion

The SiroMat polarized light microscope was employed to
measure the maturity of fibers from developing Upland
and Pima cotton fruit, with the intention of demonstrating
the future usefulness of the instrument. SiroMat was able
to assess an average of 13,000 fiber snippets per fruit (circa
5 mg sample) from 24 dpa. Pima fibers matured more
quickly than Upland fibers, but Upland fibers ultimately
achieved a higher average maturity. For both species the

uniformity of fiber maturity increased as fibers matured,
although a distinct change in the rate of increase in maturity
uniformity was noted (at 35 dpa for Upland, and at 29 dpa
for Pima). Further research assessing a greater number of
Upland and Pima cultivars is required to confirm differences
between these two species. It is envisaged that SiroMat will
be a useful tool in helping to understand and manage fiber
maturity by characterizing the maturation dynamics of cul-
tivars with different inherent fiber properties, and for culti-
vars subjected to different environmental and agronomic
conditions.
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a b s t r a c t

Immature cotton fiber will negatively impact textile processing. Three field experiments were undertaken
that applied chemical harvest aids to upland cotton (Gossypium hirsutum L.) crops at varying times with
the intention of manipulating the maturity of bolls and fibers. The aim was to quantify the effects of these
treatments on the textile performance of the harvested cotton and relate these differences to the status
of the crop at the time of treatment application. Although earlier treatments produced less mature fiber
that was lower in linear density, yarn and fabric strength was not affected. However less mature cotton
from a cooler growing season produced stronger yarns (by 3 cN tex−1) and fabric (by 0.39 N (g m−2)−1)
ineness
otton dyeing
ibbon width
iber diameter
arn strength

which was partly attributed to the smaller ribbon width of this fiber affecting more fiber packing density
and inter-fiber friction. Yarns made from this immature cotton also contained more neps. Micronaire and
linear density were equally well related, and more strongly related than maturity ratio, to dyed fabric
color dimensions, which were greatly influenced by treatments. Percent immature bolls at the time of
harvest aid application related well to changes in the degree of fabric blueness (R2 = 0.89). Knowing the

l stag
erform
status of a crop in the fina
some of the processing p

. Introduction

Cotton fiber development consists of a number of distinct phases
ncluding the deposition of cellulose in the secondary cell wall.
his degree of cell wall thickening is referred to as fiber matu-
ity, with mature fibers having more thickening so that the hollow
pace in the fiber, the lumen, is small. Immature fibers have less cell
all thickening with a larger lumen and are undesirable because

hey reflect light differently and do not uptake dye as effectively as
ature fibers and will appear a lighter hue (Smith, 1991). Immature

ber will also entangle more easily and form neps (knots) which
ontribute to processing inefficiencies and appear as ‘white specks’
r flecks on finished fabric. Delays in boll and fiber maturity are
aused by less than optimal crop growing conditions including cold
emperatures (Liakatas et al., 1998), excessive nutrition (Cassman
t al., 1990) and other crop management decisions (Roberts and
onstable, 2003) including the early application of harvest aids

Snipes and Baskin, 1994).

Fiber maturity will influence the fineness of fibers. ‘Fineness’
efers to two interrelated conditions, firstly as a term for fiber
eight per unit length or linear density, and secondly it pertains to

∗ Corresponding author at: CSIRO Materials Science and Engineering, P.O. Box 21,
elmont, Victoria 3216, Australia. Tel.: +61 3 5246 4000; fax: +61 3 5246 4057.

E-mail address: robert.long@csiro.au (R.L. Long).

378-4290/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.fcr.2011.01.008
es of production will help cotton producers and the supply chain to predict
ance aspects of harvested fiber.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

fiber diameter or ribbon width. Typically fibers with smaller diam-
eters will be lower in linear density and therefore are regarded as
finer. Fineness contributes to yarn strength because stronger yarns
contain either more finer fibers (smaller diameter or width) in a
given volume resulting in greater packing density and inter-fiber
friction, or there will be a greater total number of fibers of lower lin-
ear density in the yarn cross section (Goswami et al., 1977; Sullivan,
1942). While fiber maturity will affect linear density, maturity also
has potential to additionally affect fiber fineness or coarseness
because the degree of cell wall thickening may influence the exter-
nal dimensions of fibers. For example a flatter immature collapsed
fiber may have a smaller ribbon width compared to a fuller more
mature fiber.

This paper details findings extending on from those reported by
Bange et al. (2010) in which the timing of harvest aids were system-
atically varied on maturing cotton crops to influence the proportion
of immature fiber and neps in the crop. These quality attributes
were related to different measures of crop status at the time of
treatment application, and recommendations for refining manage-
ment strategies for harvest aid timing were suggested to optimize
yield and quality. The work herein reports on the effects of the

same experimental treatments but with emphasis on the process-
ing performance of the treated cotton fiber. The aim of this work
includes ascertaining which plant status and fiber quality measures
best reflect changes in yarn and fabric performance, as well as quan-
tifying the effects of harvest aid timing on these textile attributes.

ghts reserved.
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Table 1
Impact of harvest aid timing treatments on fiber quality attributes micronaire, maturity ratio, linear density and ribbon width, for all experiments.

Harvest aid treatment % immature bolls Micronaire Maturity ratio Linear density Ribbon width
mtex �m

Exp. 1
1 67.5 4.1 0.88 172 14.8
2 41.0 4.2 0.91 181 14.8
3 23.4 4.6 0.98 194 14.9
4 22.2 4.6 0.91 191 15.0
5 21.1 4.3 0.95 183 14.8
6 12.5 4.7 0.91 195 15.0
7 6.1 4.6 0.95 196 15.1
8 0.0 4.6 0.95 193 15.0
Average 4.4 0.93 188 14.9
LSD (0.05) 0.4* 0.10 12** 0.2

Exp. 2
1 64.9 4.2 0.82 179 14.7
2 56.6 4.6 0.85 188 14.7
3 50.1 4.7 0.90 196 14.9
4 36.1 4.9 0.95 202 14.9
5 19.8 5.2 0.91 207 15.1
6 10.2 5.1 0.95 205 14.9
7 10.1 5.0 0.99 210 15.0
8 0.0 4.9 0.90 201 14.9
Average 4.8 0.91 198 14.9
LSD (0.05) 0.4*** 0.10* 11*** 0.3

Exp. 3
1 88.2 3.0 0.53 159 14.6
2 81.0 2.9 0.69 152 14.7
3 72.4 3.3 0.63 173 14.8
4 72.2 3.6 0.65 178 14.7
5 40.4 3.7 0.75 182 14.8
6 20.0 3.8 0.75 191 14.7
Average 3.4 0.67 172 14.7
LSD (0.05) 0.3*** 0.15* 9*** 0.2
LSD (0.05) Exps. 0.4*** 0.06*** 12** 0.1*
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* ANOVA was significant at the 0.05 level.
** ANOVA was significant at the 0.01 level.

*** ANOVA was significant at the 0.001 level.

he hypothesis that fiber maturity affects fiber fineness and thus
arn strength is also briefly examined.

. Materials and methods

.1. Cultural details, treatments, and measures of plant status
nd fiber quality

Full experimental details are described in Bange et al. (2010).
riefly, field experiments were conducted at the Australian Cotton
esearch Institute at Narrabri, NSW, Australia (30◦S 150◦E) in which
single mixture of harvest aids, designed to cause leaf shed and to

ncrease the rate of boll opening, was applied to cotton crops with
ifferent proportions of open bolls. Experiments were conducted in
he 2006, 2007 and 2008 harvest seasons, designated as experiment
Exp.) 1, 2 and 3, respectively. Treatments were an application of
mixture of leaf defoliant and a boll opener; being Dropp Liquid®

Bayer CropScience), Prep 720® (Bayer CropScience) and D-C Tron®

Caltex) applied at approximately 5 d intervals in Exps. 1 and 2, and
t 7 d intervals in Exp. 3 from high to low percent immature bolls.
ercent immature bolls at initial harvest aid application ranged
rom 65 to 90% (Table 1). In Exps. 1 and 2 Bollgard II Roundup
eady (Monsanto Co., St. Louis, MO) upland (Gossypium hirsutum L.)
ultivar Sicot 71BR (CSIRO, Australia) was used while Exp. 3 used
he non-transgenic upland cultivar Sicot 71 (CSIRO, Australia; Reid,

003), the recurrent parent of Sicot 71BR. All experiments used a
andomized complete block design with four replications.

On the day of each respective treatment application, crop sta-
us measurements were taken, including a count of the number of

ature and immature bolls to determine the percentage of imma-
ture bolls. Immature bolls were determined by assessing the color
of the seed coats contained within the bolls; bolls with seed coats
that were not dark were deemed immature (Brecke et al., 2001).
Bange et al. (2010) discussed several measures of crop status (addi-
tionally % open bolls, % immature fiber mass, and nodes above
cracked boll) and reported good relationships between them for
this study. Percent immature bolls are presented herein because it
was seen to best represent the differences in quality at harvest, and
although not definitely proven, is thought to potentially be a more
reliable plant status measure when crops are non-uniform in their
maturity and when they contain fruiting gaps.

The micronaire of machine harvested fiber samples that had
been ginned without lint cleaning, was determined using an Uster
Technologies High Volume Instrument model 900. Additional sam-
ples were subjected to one passage of a SDL ‘Shirley’ Analyser Mk2
(to remove some trash and help homogenize samples), and then
tested for maturity ratio using the CSIRO polarized light microscopy
instrument SiroMat (Gordon and Phair, 2005; Long et al., 2010b),
gravimetrically determined linear density (mtex) using the CSIRO
Cottonscan instrument (Naylor and Purmalis, 2005; Abbott et al.,
2010), and fiber diameter (ribbon width) (�m) using the CSIRO
photometric laser based instrument Sirolan-Laserscan (Lynch and
Michie, 1976; Lunney and Irvine, 1979; Charlton, 1995).

2.2. Yarn manufacture
Four 42 g samples of machine harvested ginned fiber were taken
from each experimental unit. Each sample was separately carded
twice and drawn once using a ‘Shirley’ miniature spinning plant
card and draw frame (Platt brothers, England). The four miniature
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Table 2
Quality parameters for 20 tex ring spun yarns; strength and neps for each of the
three experiments.

Harvest aid treatment Strength Neps
cN tex−1 +200%

Exp. 1
1 14.7 327
2 15.1 371
3 14.2 383
4 13.2 383
5 15.1 344
6 13.8 319
7 13.6 358
8 15.0 344
Average 14.3 354
LSD (0.05) 2.2 54

Exp. 2
1 14.1 412
2 14.8 368
3 14.8 411
4 13.5 339
5 14.8 349
6 14.1 370
7 14.3 344
8 13.5 366
Average 14.2 370
LSD (0.05) 2.3 130

Exp. 3
1 17.6 549
2 17.4 550
3 16.5 464
4 17.2 414
5 18.2 364
6 16.4 436
Average 17.2 463
R.L. Long, M.P. Bange / Field C

rawn slivers were then drawn together once using a Trutzschler
SR 1000 draw frame. The resulting single sliver was converted into

wisted roving using a Zinser 660 roving frame which was then spun
nto yarn using a Zinser 350 ring spinning frame. Draft and twist

as optimized for each sample to deliver approximately a 20 tex
arn with a twist factor of �e 3.7 (792 turns per meter). One yarn
obbin per experimental unit was tested for quality parameters.
f theses numerous parameters, strength is regarded as the single
ost important attribute (Meredith et al., 1991; May and Taylor,

998) and was determined using an Uster Tensorapid 3. To comple-
ent the fiber maturity and neps interactions described by Bange

t al. (2010), yarn nep content was determined using an Uster tester
-SX.

For one replicate bobbin of each of the earliest and latest treat-
ents, multiple yarns were positioned in electrical heat shrink

ubing. Heat was applied to the tubing before transverse cross
ections were cut and the resulting samples mounted on stubs.
amples were carbon-coated and digital images were acquired of
he sections of yarns using an Hitachi S4300SE/N field emission
chottky scanning electron microscope operated at a 1.2 kV accel-
rating voltage.

Remaining spun yarns were waxed and wound but not cleared
sing a Schlafhorst 238RM winder.

.3. Fabric production, dyeing and testing

Wound yarns were knitted with a metric cover factor of
.54 tex0.5 mm−1, on a Lawson Hemphill 25.4 cm “10 inch” F.A.K.
nitting machine.

Knitted fabric was scoured and dyed with Cibacron blue LS3R
1%) reactive dye. This dye was recommended by a commercial dye
ouse as being appropriate for showing the effects of immature cot-
on fiber and was like that used by others for a similar purpose (Bel,
004; Bradow and Bauer, 1998; Han et al., 1998). Reflectance colori-
etric measurements were taken of fabrics using a Gretag Macbeth

olor-Eye 7000A spectrophotometer. Three measurements were
cquired per experimental unit. The appearance of dyed fabric sam-
les were measured using the CIELAB color opponent dimensions
, a and b. Differences between treatment fabrics were assessed in
erms of delta E (�E), which describes the mathematical distance
etween two colors e.g. (Eq. (1)):

E =
√

(L1 − L2)2 + (a1 − a2)2 + (b1 − b2)2 (1)

here 1 is the latest treatment and 2 the subsequent earlier treat-
ent of comparison within each experiment. Delta E values near

r greater than one between any two fabrics were deemed as being
ignificant on the basis of the monochromatic nature of the dyed
amples and the fact that in industry the samples would be viewed
ide by side as adjacent bands in knitted fabric.

Dyed fabric samples were tested for mass per unit area via
ustralian Standard (AS) 2001.2.13, and for the determination of
ursting force via AS2001.2.19 (Standards Association of Australia).

.4. Data analysis

One way ANOVA for quality parameters were conducted for each
xperiment. To give an indication of differences between the three

xperiments, a separate ANOVA was undertaken utilizing the mean
reatment values as replicates for each experiment. Least signifi-
ant difference testing (5%) was used for means separation. ANOVA
nd regression comparison testing was conducted using Genstat 12
Lawes Agricultural Trust, IACR, Rothamsted, UK). Regression mod-
ling was conducted using Sigma Plot 10 (Systat Software, Inc., San
ose, CA).
LSD (0.05) 2.5 182
LSD (0.05) Exps. 0.7*** 49***

*** ANOVA was significant at the 0.001 level.

3. Results

3.1. Fiber

In each experiment the timing of application of harvest aid
treatments affected the amount of secondary wall thickening of
cotton fiber with earlier treatment applications causing harvested
fiber to be lower in micronaire, maturity ratio, and linear density
(Table 1). Ribbon width was not affected by the timing of applica-
tion of harvest aids. Experiment 3 produced fiber that was lower
in micronaire, maturity ratio, linear density and ribbon width, in
comparison with Exps. 1 and 2, which did not differ (Table 1).

3.2. Yarn

Within experiments there was no significant differences mea-
sured for the effects of treatments on yarn strength and nep content
(Table 2). There was however significant differences between
experiments, with Exp. 3 producing yarns that were on average
stronger by approximately 3 cN tex−1 units and higher in nep con-
tent by approximately 100 neps (Table 2).

3.3. Fabric

Earlier harvest aid application treatments resulted in fabric that
was significantly a lighter hue of blue relative to yellow (b dimen-

sion) (Table 3). For Exps. 2 and 3 earlier treatments produced fabrics
that were significantly lighter in shade (L dimension) and a stronger
hue of red relative to green (a dimension). Delta E calculations
utilizing all three color space dimensions to compare the latest
treatments to the others, showed that earlier harvest aid treat-
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Table 3
Quality parameters for dyed knitted fabrics for each experiment. Fabric appearance is reported as color dimensions lightness (L), redness (a), blueness (b), and delta E (�E)
calculations relative to the latest treatments. Fabric strength is reported as the burst force (N) relative to fabric mass per area (g m−2).

Harvest aid treatment L a b �E Strength
N (g m−2)−1

Exp. 1
1 44.30 −2.21 −27.91 1.10 2.18
2 44.53 −2.26 −28.02 1.29 2.20
3 42.62 −2.00 −28.37 0.68 2.20
4 43.03 −2.02 −28.34 0.28 2.06
5 43.49 −2.12 −28.26 0.21 2.19
6 42.38 −1.92 −28.58 0.96 2.18
7 42.57 −1.96 −28.56 0.77 2.14
8 43.29 −2.11 −28.34 0.00 2.29
Average 43.28 −2.07 −28.30 2.18
LSD (0.05) 1.79 0.28 0.32** 0.18

Exp. 2
1 43.30 −2.31 −28.11 1.80 2.21
2 42.63 −2.22 −28.27 1.11 2.50
3 42.08 −2.10 −28.59 0.47 2.26
4 41.87 −2.08 −28.68 0.25 2.08
5 41.69 −2.01 −28.70 0.08 2.17
6 41.47 −1.99 −28.79 0.18 2.32
7 41.49 −2.00 −28.83 0.17 2.31
8 41.65 −2.04 −28.76 0.00 2.37
Average 42.02 −2.09 −28.59 2.28
LSD (0.05) 0.64*** 0.15*** 0.24*** 0.32

Exp. 3
1 53.50 −3.39 −25.24 2.59 2.62
2 53.89 −3.39 −24.97 3.05 2.79
3 52.54 −3.38 −25.50 1.61 2.73
4 52.04 −3.32 −25.77 1.04 2.63
5 51.63 −3.32 −26.09 0.54 2.47
6 51.13 −3.21 −26.26 0.00 2.45
Average 52.46 −3.33 −25.64 2.62
LSD (0.05) 0.49*** 0.10* 0.30*** 0.36
LSD (0.05) Exps. 0.92*** 0.12*** 0.37*** 0.12***
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* ANOVA was significant at the 0.05 level.
** ANOVA was significant at the 0.01 level.

*** ANOVA was significant at the 0.001 level.

ents were significantly different in appearance with these fabrics
aving �E values >1 (Table 3). Across experiments, the shade of fab-
ics (L) was darkest for Exp. 2 and yet markedly lighter on average
or fabrics from Exp. 3. Experiment 3 fabrics were more negative
n the a dimension and more positive on the b dimension in com-
arison to Exps. 1 and 2 which were not significantly different
Table 3).

For fabric strength, there was no significant difference among
reatments for the three experiments. However across experi-

ents, fabric from Exp. 3 was stronger than fabric produced from
xps. 1 and 2 which were not different to each other (Table 3).

. Discussion

.1. Fiber maturity

The effect of defoliation timing on fiber maturity within and
cross experiments is evident in fiber cross section images (Fig. 1).
ibers from cotton harvested from the earliest treatments were less
ature having thinner cell walls and appearing as flatter ribbons

Fig. 1b, d and f) in comparison to the later treatments for each
espective experiment (Fig. 1a, c and e). Early defoliation arrested
lant development, effectively terminating photosynthesis, and
herefore prevented further cellulose deposition in fibers. Fibers

rom Exp. 3 appeared to have thinner cell walls for both early and
ate treatments when compared to the respective treatments for
xps. 1 and 2, corroborating the lower average micronaire, maturity
atio and linear density results for this experiment. As discussed in
ange et al. (2010) Exp. 3 was conducted during a markedly cooler
season resulting in a delayed crop with more immature bolls and
fiber; during the boll development period in each crop (February
to April) Exp. 2 had the highest daily average temperature (24.5 ◦C)
followed by Exp.1 (23.5 ◦C), while the coolest was Exp. 3 (21.3 ◦C).

4.2. Yarn performance

It was anticipated that the lower linear density of fiber from
early treatments would contribute to stronger yarns due to more
fibers in the yarn cross sections. However this was not the case
for each of the experiments (Table 2). Early treatments had signifi-
cantly shorter fiber (Bange et al., 2010) which may have negated any
strengthening effects of more fibers in yarns. Additionally ribbon
width was not different between treatments for the three experi-
ments (Table 1), suggesting that there were no differences in the
packing density of fibers in yarns. This was reflected in bundle
strength results, with no differences present between treatments
either (Bange et al., 2010). Between experiments however the less
mature fiber from Exp. 3 produced stronger yarns. This fiber also
tended to be longer than fiber from the other two experiments, and
the ribbon width of this fiber was also smaller, reflecting the higher
bundle strength results for this experiment (Bange et al., 2010). The
smaller average ribbon width measured for fiber from Exp. 3 may
be because this fiber had on average a smaller fiber perimeter, or

it may have been due to lower fiber maturity which caused fibers
to collapse more and fold up on themselves. Long et al. (2010a)
showed that stronger yarns were manufactured from cotton vari-
eties that although were lower in linear density and differed in
maturity ratio, were only so when ribbon width was significantly
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Fig. 1. Electron microscope images of cotton fiber cross sections from yarns spun f

maller. Indeed there is an avenue for more in depth work exam-
ning the methods of measuring ribbon width, how ribbon width
ontributes to the mechanics of yarn strength, as well as how the
actors maturity and perimeter affect ribbon width.

Although the level of fiber neps reported by Bange et al. (2010)
ere significantly greater for earlier harvest aid treatments, this
id not translate into increases in yarn neps (Table 2). It is most

ikely that the two carding processes prior to spinning removed a
ignificant proportion of these neps. In addition the samples used
n this study were not lint cleaned so that the overall number of
eps resulting from immature fiber was less prior to processing.
he higher yarn nep content for Exp. 3 is attributed to the fiber
rom this experiment being markedly less mature and thus having
greater propensity to buckle and knot under the mechanical pro-
essing route (picking and ginning) even through lint cleaning was
ot implemented (Van der Sluijs and Hunter, 1999).

.3. Fabric performance

Of the textile quality parameters measured, the timing of har-
est aid treatments had the most significant effect on fabric color,
hich related well to differences measured in fiber maturity related

ttributes. Micronaire and linear density were equally good pre-
ictors, and both were better predictors than maturity ratio, of
, a and b fabric color dimensions for each of three experiments
Fig. 2). Likewise, Smith (1991) reported that secondary wall thick-

ning maturity was not a complete measure of the dyeability of
otton, and that other factors including fineness and shape and
he morphology of cellulose (which may well be related to fiber

aturity) also influence dyeability. The same author also stated
hat micronaire had the highest correlations with dyeability.
c, e) late, and for (b, d, f) early harvest aid treatments from the three experiments.

These relationships between fiber maturity attributes and fab-
ric color were typically experiment dependent, as exemplified by
the linear regressions between micronaire or linear density and
fabric redness dimension a (Fig. 2d and e), with slope and offset
differences present between the three seasons with Exp. 3 being
particularly different to the others. For the prediction of fabric light-
ness, Exps. 1 and 2 were more alike (Fig. 2a and b), while for fabric
blueness Exps. 1 and 2 where in agreement with no offset differ-
ences (Fig. 2g and h). The slight varietal difference (conventional
variety) and significantly cooler temperatures for Exp. 3 com-
pared to the other two, most likely account for theses differences.
Bradow and Bauer (1998) reported that genotype and tempera-
ture were significant factors affecting cotton dye uptake and stated
that general environmental factors associated with decreased fiber
maturity were linked to lighter colors in dyed fabrics.

Plant status measurements at the time of harvest aid applica-
tion related well to changes in fabric color dimensions (relative
to the latest treatments for each experiment) when the three
experiments were assessed collectively. Changes in fabric light-
ness (Fig. 3a) and the degree of redness (Fig. 3b) were significantly
related to % immature bolls (R2 = 0.81 and 0.66 respectively). As
expected the relationship between changes in the degree of fabric
blueness and % immature bolls was stronger (R2 = 0.89) (Fig. 3c),
which was due to the blue dye used in this study. When the color
dimensions were combined, �E values >1 (indicating distinct visual
differences in fabric) occurred when there was more than 57%
immature bolls. This equated to other closely related crop statuses,

being when there was more than 48% immature fiber mass, more
than 7 nodes above cracked boll, and when there was <26% open
bolls at the time of treatment application (data not shown, see
Bange et al., 2010). This work supports the current recommenda-
tion of applying harvest aids at greater than 60% open bolls (which
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Fig. 2. Linear relationships between fiber maturity related attributes (micronaire, linear density and maturity ratio), and fabric color (dimensions L, a and b), for each
experiment. For multiple regression analysis between the three experiments at each color dimension and fiber attribute combination, slope differences were reported at the
0.05 level (*) and at the 0.01 level (**).

Fig. 3. Relationships between the plant status % immature bolls at the time of harvest aid application and the change in fabric color dimensions (a) L, (b) a, (c) b and (d) Delta
E. The change in variable was calculated as the change in color from the latest harvest aid treatment for each experiment. Each regression is a three parameter exponential
function (y = ae(bx) + c), except for (b) which is a linear function (y = mx + c).
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quates in this study to <29% immature bolls) (Snipes and Baskin,
994).

. Conclusion

Experiments were conducted that applied chemical harvest aids
o upland cotton crops to manipulate the maturity of bolls and
bers. Earlier treatments produced less mature fiber that was lower

n maturity ratio, linear density and micronaire. Yarn and fabric
trength was not affected by treatments which was attributed to
here being no changes in average ribbon width across treatments
nd thus with no influences in yarn packing density and inter-fiber
riction. Fiber from earlier harvest aid treatments was also shorter
hich may have negated the strengthening effects of more finer

lower linear density) fibers in yarns. Less mature cotton from a
ooler growing season produced stronger yarns and fabrics which
as attributed to the smaller ribbon width and longer length of

his fiber. Yarns made from this cotton had more neps because it
as more prone to breakage and knot formation. Further studies

re required to ascertain the influencing factors on ribbon width
nd the value that this fiber quality attribute may have on yarn
echanics. Micronaire and linear density related well to color space

imensions of dyed fabric, with these attributes better reflecting
he specific surface area of fibers in fabric which significantly influ-
nce dye uptake and appearance. The percentage of immature bolls
t the time of treatment application, as determined by the boll cut-
ing method, related well to changes in color space dimensions
e.g. for fabric blueness b R2 = 0.89). In this case harvest aids were
mployed to manipulate crop maturity. However other circum-
tances (e.g. production and weather related) will also influence
aturity. Using the boll cutting technique to determine the sta-

us of a crop in the final stages of production (i.e. when harvest aids
re implemented) will allow cotton producers to better understand
ow different production scenarios will affect crop maturity. Such

nformation will also help the supply chain in general to preempt
ome of the processing performance issues of harvested fiber and
mprove fiber processing, e.g. ensure lay downs are more consis-
ent.
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